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Abstract

:

Produced water is the largest volume of waste product generated during oil and natural gas exploration and production. The traditional method to dispose of produced water involves deep well injection, but this option is becoming more challenging due to high operational cost, limited disposal capacity, and more stringent regulations. Meanwhile, large volumes of freshwater are used for hydraulic fracturing. The goal of this study is to develop cost-effective technologies, and optimize system design and operation to treat highly saline produced water (120–140 g/L total dissolved solids) for hydraulic fracturing. Produced water was collected from a salt water disposal facility in the Permian Basin, New Mexico. Chemical coagulation (CC) using ferric chloride and aluminum sulfate as coagulants was compared with electrocoagulation (EC) with aluminum electrodes for removal of suspended contaminants. The effects of coagulant dose, current density, and hydraulic retention time during EC on turbidity removal were investigated. Experimental results showed that aluminum sulfate was more efficient and cost-effective than ferric chloride for removing turbidity from produced water. The optimal aluminum dose was achieved at operating current density of 6.60 mA/cm2 and 12 min contact time during EC treatment, which resulted in 74% removal of suspended solids and 53–78% removal of total organic carbon (TOC). The energy requirement of EC was calculated 0.36 kWh/m3 of water treated. The total operating cost of EC was estimated $0.44/m3 of treated water, which is 1.7 or 1.2 times higher than CC using alum or ferric chloride as the coagulant, respectively. The EC operating cost was primarily associated with the consumption of aluminum electrode materials due to faradaic reactions and electrodes corrosions. EC has the advantage of shorter retention time, in situ production of coagulants, less sludge generation, and high mobility for onsite produced water treatment. The fine particles and other contaminants after coagulation were further treated in continuous-flow columns packed with different filter media, including agricultural waste products (pecan shell, walnut shell, and biochar), and new and spent granular activated carbon (GAC). Turbidity, TOC, metals, and electrical conductivity were monitored to evaluate the performance of the treatment system and the adsorption capacities of different media. Biochar and GAC showed the greatest removal of turbidity and TOC in produced water. These treatment technologies were demonstrated to be effective for the removal of suspended constituents and iron, and to produce a clean brine for onsite reuse, such as hydraulic fracturing.
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1. Introduction


1.1. Challenges and Opportunities Associated with Produced Water


Produced water represents the largest waste stream generated during oil and gas production. When petroleum hydrocarbons are extracted, formation water is brought up to the surface contributing to produced water [1]. The composition of produced water varies considerably depending on the geographic location of the field, the type of hydrocarbons being extracted, the extraction method employed, and the minerals present in the bearing geologic formation [2,3,4,5,6,7,8,9]. Produced water is typically saline with high total dissolved solids (TDS; e.g., Na+, Ca2+, Mg2+, Cl−, and SO42−). Organic compounds are some of the main contaminants in produced water, including oil and grease (free, dispersed or emulsified); volatile and semi-volatile organics, such as BTEX (benzene, toluene, ethylbenzene, and xylenes); and PAHs (polycyclic aromatic hydrocarbons). Contaminants in small amounts include dissolved gases (e.g., ammonia and hydrogen sulfide), and chemical additives used to improve drilling and production operations. Additionally, heavy metals and naturally-occurring radioactive materials (NORMs) can be found in produced water.



The most common methods to manage produced water consist of disposal into permitted salt water disposal (SWD) wells within deep saline underground formations, or reinjection into conventional reservoirs for enhanced oil recovery operations [3,10]. However, deep well injection has become more challenging because of limited capacity and potential seismic hazard caused by anthropogenic fluid injections [11,12].



Millions of gallons of water are used for hydraulic fracturing with the addition of a complex mixture of chemical additives known as fracturing fluids that are injected to the ground to induce and maintain fractures in the geological formation. Produced water can be treated and reused for onsite hydraulic fracturing to reduce the use of fresh or brackish water for unconventional oil and gas operations and decrease the need for the deep well injection of produced water. Fracturing companies may have different water quality requirements depending on fracturing methods and chemical formula, but in general it requires low in suspended solids, organic matter, and multivalent metals (in particular Fe3+), and bacteria counts. Hydraulic fracturing can use brackish water for its operation [13]. Therefore, desalination may not be needed or treated produced water can be blended with other water sources to meet the TDS requirement for fracturing.



Coagulation-flocculation-sedimentation-filtration processes can significantly remove suspended solids and colloidal particles from water. The most common chemical coagulants employed include aluminum sulfate (alum), ferric chloride, iron sulfate, and calcium hydroxide (lime) [14]. Wang et al. showed that flocculation of oilfield produced water using some of the most common coagulant agents was effective for trapping and removing suspended solids [14]. Dastgheib et al. combined two coagulants in different proportions to remove suspended solids in produced water with TDS values around 100,000 mg/L [15]. High turbidity removal was achieved by combinations of coagulants such as high alum–low lime, moderate alum–high lime, and moderate ferric chloride–low lime. When these chemicals were combined, pH was not impacted drastically [15]. Younker and Walsh reported a coagulation pretreatment employing ferric chloride reduced oil and grease concentration of produced water from 100 mg/L to below 30 mg/L [16]. Ferric chloride was used at a 10 mg/L concentration, and the salinity level of produced water was 32,000 mg/L. In the same study, Younker and Walsh also used organoclay adsorption as pretreatment for produced water and found that disperse oil could be greatly removed if the dose of organoclay increased up to 1000 mg/L and the mixing time was no less than 45 min. When combining coagulation with organoclay adsorption for removal of oil and grease from produced water, chemical coagulation played a significant role as pretreatment.



One of the main drawbacks of chemical coagulation (CC) is the large amount of residual sludge formed at the end of the process, because counterions are added to the solution along with the metal cations that serve to form the flocs. In addition, chemical coagulants contain very little coagulating agent on a mass basis. For example, 1 ton of alum as Al2(SO4)3·18(H2O) contains only 81 kg of Al(III), while 1 ton of ferric chloride FeCl3·6(H2O) provides 210 kg of Fe(III). Therefore, chemical coagulation requires the handling of larger amounts of chemicals and sludge.



Electrocoagulation (EC) utilizes sacrificial anodes to generate active coagulants to remove contaminants by precipitation and flotation. The most common metals employed as electrodes for EC are aluminum and iron, because these are easily available (abundant), have a low cost, and are not toxic. The same metal is usually used for both the anode and cathode in an EC reactor. When electricity is applied, the anode is oxidized into cations, while in the cathode water is reduced into hydrogen gas and hydroxyl anions (Figure 1). The gas generated removes pollutants by flotation, and the coagulant agents generated in the anode cause floc formation and precipitation as sludge [17]. EC produces about half the sludge of CC.



EC is an attractive technology and has been used for treating different types of water and wastewater, such as surface water; tannery and textile wastewater; pulp and paper industry wastewater; oily wastewater; food industry wastewater; and other types of wastewater containing heavy metals, cyanide, and other contaminants [18]. EC can be directly powered by solar photovoltaic [19].



EC efficiency depends on the conductivity and ionic content of water. Salinity, one of the most remarkable problems of produced water, can become an advantage for EC treatment [20,21]. EC has been reported to be effective at removing organic matter, turbidity, trace metals, and boron in produced water. Millar et al. demonstrated the treatment of coal seam produced water using EC with aluminum electrodes arranged in bipolar mode [20,21]. Higher current density, longer contact time and elevated pH in solution benefited better reduction of hardness, silica, barium, and iron. Flocs formed in EC were porous and lighter than flocs formed by conventional CC treatments. Zhao et al. experimented the use of EC as pretreatment for produced water obtained from an oil field in Saskatchewan, Canada [22]. They focused on the removal of hardness, oil and grease content in terms of chemical oxygen demand (COD), and turbidity. At the operating conditions of pH 7.36, a reaction time of 31 min, and a current density of 5.9 mA/cm2, the removal of hardness, COD, and turbidity reached 85.8%, 66.6%, and 93.8%, respectively [22].



EC technology utilized in full-scale applications, such as the CleanWave® water treatment mobile device (Halliburton, Houston, TX, USA), can treat up to 26,000 barrels (4100 m3) of produced water per day with a low energy consumption. This equipment can reduce total suspended solids (TSS) by 99% while bringing turbidity to <10 NTU. The TDS range in which the device is completely functional is 100–300,000 mg/L [23]. Some studies show the feasibility of combining EC and biological processes to treat produced water and specifically address organic contaminants such as total petroleum hydrocarbons (TPH) [24].



Table 1 summarizes the operating conditions and parameters selected for EC reactors in laboratory and pilot scale for produced water treatment. Although EC has been employed for produced water treatment, there is limited knowledge regarding the optimal design and operating parameters during treatment of highly saline produced water, so as to enable more economical full-scale applications [22,25].



A variety of media have been employed for produced water filtration to remove organic matter and suspended solids. Dastgheib et al. [15] employed sand, anthracite coal, and walnut shell to filter oilfield produced water. They found that the media with the greatest capacity to remove suspended particles was sand, while the best to remove oil droplets was anthracite coal. Although walnut shell showed the potential to remove particles and oil components, it had a lower adsorption capacity and reached turbidity breakthrough faster than anthracite and sand. For the removal of dissolved organic carbon (DOC), anthracite coal, walnut, and sand removed 70%, 60%, and 45% respectively after 15 h of operation. These experiments proved the effectiveness of filtration for saline produced water with a TDS concentration of 100,000 mg/L [15]. Zhang et al. also utilized walnut shell in a packed-bed arrangement to filter produced water as a pretreatment prior to membrane distillation [29]. This study showed ≥95% removal of organic compounds such as BTEX.



Adsorption is usually conducted using organoclay and granular activated carbon (GAC) as adsorbent materials. The use of GAC is recommended over organoclay, because GAC has a greater specific surface area which removes greater quantities of DOC from produced water [15,30]. Adsorption technologies, including the use of a chitosan polymer extracted from shrimp shell, also showed promising potential to remove oil from produced water [31].



The effective media such as GAC can be costly; developing innovative, low-cost filter media is important to reduce the treatment costs for produced water reuse. These media may include agricultural waste products, such as various woodchips, nut shells, biochar, and spent GAC from drinking water treatment plants of which the adsorption capacity may be exhausted but can still be used as a filter media for removal of suspended solids during produced water treatment.




1.2. Research Objective


It is critical to develop produced water treatment alternatives to reduce the amount of produced water for disposal and reuse it as a valuable water resource. Innovative approaches are needed to lower treatment costs and improve efficiency for produced water treatment. The objective of this study is to assess different technologies to remove suspended solids, organic matter, and other constituents in produced water, to generate a clean brine for the hydraulic fracturing operation of unconventional oil and gas reservoirs. EC and conventional CC methods using alum and ferric chloride as coagulants were compared in terms of removal efficiency and operating costs. EC has the advantages of working effectively for saline produced water and creating coagulant species in situ without the hassle of chemical transport, handling, and storage. Besides conventional GAC, innovative low-cost filter media were evaluated, including agricultural waste products (pecan shell, walnut shell, and biochar), and spent GAC from a local drinking water treatment plant. This study aims to provide recommendations and optimization of operating and design parameters for treatment of highly saline produced water (~120–140 g/L salinity) in the Permian Basin for onsite reuse.





2. Materials and Methods


2.1. Produced Water


Produced water samples were collected from a salt water disposal facility in Jal, New Mexico. This site has basic treatment to remove suspended solids that may clog disposal wells. The chemical composition of the produced water collected from the Permian Basin is summarized in Table 2. The TDS concentration of the produced water varied between 120 and 140 g/L with electrical conductivity between 200 and 300 mS/cm. The major constituents in the produced water included Na+ (42,720 ± 2093 mg/L), Ca2+ (4247 ± 752 mg/L), Mg2+ (727 ± 54 mg/L), K+ (805 ± 230 mg/L), Sr2+ (257 ± 20 mg/L), Cl− (65,800 ± 1600 mg/L), SO42− (1010 ± 9 mg/L), Br− (591 ± 16 mg/L), and SiO2 (32 ± 2 mg/L). The pH was 7.30 ± 0.21 with alkalinity of 2345 ± 329 mg/L as CaCO3. The total organic carbon (TOC) concentration varied in the range of 83.1 ± 30.8 mg/L. The produced water also contained high concentration of ammonia (655 ± 77 mg/L). The produced water tested in this study represents the typical produced water quality in the Permian Basin, in which the TDS concentration varies from 20 to 300 g/L with an average of 90 g/L [2,4,7].



Throughout the study, electrical conductivity and pH were measured using an OAKTON meter (Vernon Hills, Il, USA). Turbidity was measured using a HACTH 2100N Turbidimeter (Loveland, CO, USA). Alkalinity was measured employing a HATCH Digital Titrator model 16,900, Method 8203 (Loveland, CO, USA). The major ions were analyzed by a DIONEX ion chromatography system model ICS-2100 (Dionex, Sunnyvale, CA, USA). TOC was determined by the non-purgeable organic carbon (NPOC) analysis using a Shimadzu TOC analyzer model VCSH (Shimadzu TOC-L, Kyoto, Japan). The trace metals analysis was conducted employing inductively coupled plasma–optical emission spectrometry (ICP-OES, Perkin Elmer Optima 4300 DV, Norwalk, CT, USA).




2.2. Produced Water Treatment


2.2.1. Chemical coagulation (CC)


Standard jar testing was conducted using ferric chloride and alum as coagulant agents; both were analytical grade and obtained from Fisher Scientific. Chemicals were added to produced water in different concentrations ranging from 250 to 1321 mg/L. For the operational parameters of jar testing, rapid mixing was performed 1 min at 100 rpm; the flocculation stage lasted 25 min at 40 rpm; then 40 min settling prior to taking water samples for analysis. The parameters monitored were pH and turbidity to determine and compare the removal capacity of each chemical.




2.2.2. Electrocoagulation (EC)


The EC unit included a set of eight aluminum plate electrodes (10.2 × 16 × 1.3 cm) assembled in parallel. Electricity was applied to the electrodes by a direct current power supply LH110-3 (Sorensen, San Diego, CA, USA). Electrodes were placed in a 2.5 L cylindrical reactor made of clear acrylic material. The surface area of electrodes in contact with produced water was 379 cm2, and the distance between each electrode was 2 cm (Figure 2).



Batch EC experiments were designed to study the effect of current density and electrocoagulation time (ECT) on turbidity removal from produced water. In this study, ECT was defined as the time (in minutes) that produced water was in direct contact with the aluminum electrodes during an EC batch experiment. Before every batch experiment, electrodes were gently polished using sandpaper to remove deposits and smooth out any sharp spots [28].



To study the effect of current density applied during EC on turbidity removal, an electric current ranged from 0.5 to 3.0 amperes (A) with 0.5 A intervals (equivalent to current density of 1.32–7.92 mA/cm2) applied to the electrodes in individual experiments. For each experiment, ECT was set at 25 min with a sedimentation time of 40 min, and the volume of produced water treated was 2.5 L. The optimal current density value obtained after these experiments was employed to study the effect of ECT in further electrocoagulation batch experiments.



To determine an optimal ECT, six batch experiments were conducted at ECT of 3, 6, 9, 12, 15, and 20 min. For each experiment, sedimentation time was 40 min and the volume of produced water treated was 2.5 L. The optimal ECT was employed as hydraulic retention time (HRT) for the EC stage during continuous-flow experiments.



In the EC cell, the fundamental oxidation and reduction processes occurring can be represented as follows [27].



Anode, aluminum is oxidized from solid metal (s) to ionic species in aqueous solution (aq):


Al(s) → Al3+(aq) + 3e−



(1)







Cathode, water is reduced to hydrogen gas and hydroxyl ions:


2H2O + 2e− → H2(gas) + 2OH−(aq)



(2)







After the oxidation of aluminum in the anode, different polymeric species form and eventually transform into Al(OH)3(s), as shown in Equation (3) [27]:


Al3+(aq) + 3H2O → Al(OH)3(s) + 3H+(aq)



(3)







In produced water, Al(OH)3(s) flocs can capture particles and adsorb metals and organic contaminants. Flocs can be further removed by hydrogen gas flotation or by sedimentation after EC treatment.



The amount of aluminum generated during the EC operation can be calculated theoretically using Faraday’s law. The mass of metal m is a function of the electrolysis time t and of the electric current I:


m = (M × I × t)/(z × F)



(4)




where m is the mass in grams of aluminum generated at a specific current applied (I), amperes; M is the atomic weight of aluminum, 26.98 g/mol; t is the operating time, s; z is the number of electrons transferred per aluminum atom; and F is Faraday’s constant, 96,486 C/mol.




2.2.3. Filtration


Packed-column filtration experiments were carried out using 2-inch I.D. (5.1 cm) by 15-inch length (38 cm) acrylic columns. Types of filter media used for experiments were walnut shells, pecan shells, biochar, new and spent GAC. Walnut shells and pecan shells were obtained as agricultural wastes from farmers in Las Cruces area, and biochar was obtained from Wakefield Agricultural Carbon LLC, which was produced through thermal treatment of wood chips. Biochar, walnut and pecan shells were sieved to obtain particle size of 1.68–2 mm. The specific surface area of biochar was measured 370 g/m2 [32]. The new GAC was FILTRASORB 816 from Calgon Carbon Corporation (Moon Township, PA, USA). The GAC has an effective particle size of 1.2–1.3 mm, specific surface area of 900–1000 m2/g, and iodine number of 900 mg/g. The spent GAC was the same type but had been used for nine years in a conventional surface water treatment plant. The GAC was used for potable water production and is deemed non-hazardous. The spent GAC can be either disposed of to landfill or returned to the manufacturer for re-activation.



Prior to packing the columns, all the filter media (except spent GAC) were washed with distilled water and dried overnight at 105 °C. To pack each column, a 2-inch thick gravel layer was set in the base; then a 5.5-inch thick media layer was packed on top (Figure 2). For the operation of the columns in continuous-flow mode, a Masterflex peristaltic pump was used to pump produced water through the columns at a flow rate of 20 mL/min with an empty bed contact time (EBCT) of 19 min.





2.3. Continuous-Flow Experiments


Batch experiments were conducted for CC and EC to study and evaluate their performances. Once the optimal conditions were defined, continuous-flow experiments were conducted. The experimental set up was composed of EC stage as pretreatment for filtration. Produced water flowed through the EC reactor at 208 mL/min rate based on the optimal ECT determined during batch experiments.





3. Results


3.1. Chemical Coagulation (CC)


Alum was demonstrated to have a higher efficacy than ferric chloride to remove suspended solids from produced water (Figure 3a). While added in the same molar concentration, the turbidity removal by Al(III) could be up to 1.5 times higher than by Fe(III). Over 80% turbidity was removed at Al(III) dose of 2.6 mmol (71 mg/L), while 60% of turbidity was removed by Fe(III) at dose of 2.4 mmol (135 mg/L). The consumption of alkalinity in produced water to form Al(OH)3 and Fe(OH)3 flocs was the same, and the pH drop by using alum as coagulant exhibited the same trend as using ferric chloride (Figure 3b).



Recently, Chang et al. [33] employed both alum and ferric chloride to coagulate flowback and produced water. At an optimal dose of 900 mg/L, ferric chloride showed a greater capacity to remove turbidity and organics. Alum exhibited a slightly inferior efficiency, which is different from the results obtained in the current study. The difference, however, resides in the fact that Chang et al. [33] compared the efficiency of the chemicals added in mg/L of the chemical molecules and not the molar concentration of the metal itself. If the coagulant dose is converted to molar concentrations, Chang et al.’s study reached the same conclusion as this study: that Al(III) coagulant outperformed Fe(III) for better removal of turbidity.



Nadella et al. reported that the zeta-potential of colloids present in the raw produced water collected in the Permian Basin was slightly negatively charged and near neutral owing to its high ionic strength and the presence of high concentrations of multivalent cations, such as Mg, Ca, and Fe [34]. During coagulation, the positively charged metal coagulant is attracted to the negatively charged colloids via electrostatic interaction. Flocs form during the charge neutralization process, and particle collisions occur. Adding excess coagulant beyond charge neutralization results in the formation of metal coagulant precipitates (e.g., Al(OH)3 or Fe(OH)3). Colloidal contaminants in produced water were entrained or swept down by the precipitates as they settled in the suspension. This study showed alum was more effective for charge neutralization and enmeshment/entrainment of colloidal particles in produced water than ferric chloride.



Considering the current market prices of coagulants (US $500–$590/metric ton for alum and US $460–$800/ton for ferric chloride), the use of alum as a coagulant for produced water represents an economic advantage. For example, to achieve 60% removal of turbidity from the produced water, it requires 36 mg/L Al(III) (444 mg/L Al2(SO4)3⋅8H2O) and 134 mg/L Fe(III) (650 mg/L FeCl3 ⋅6H2O) as coagulant. Assuming the price for both coagulants would be $500/ton, the chemical cost of using Fe(III) as coagulant ($0.325/m3 water) is 1.46 time higher than using Al(III) as coagulant ($0.222/m3 water). For a conventional CC, the energy consumption required for mixing in coagulation and flocculation processes was estimated to be 0.4 kWh/m3 [35]. Assuming the electrical cost is $0.10 kWh, the electrical power cost of CC is estimated to be $0.04/m3. The total operating costs for Al and Fe coagulation are approximately $0.26/m3 and $0.37/m3, respectively.




3.2. Electrocoagulation (EC)


Aluminum electrodes were selected over iron electrodes for EC based on the CC test results and because hydraulic fracturing requires low concentration of iron. Figure 4 shows the experimental results to optimize Al(III) dose through changing current density and hydraulic retention time in EC process. The optimal Al(III) dose achieved 74 ± 1.2% turbidity removal at current density of 6.6 mA/cm2 (1.8 volts). Further increase of current density levels did not have significant improvement in turbidity removal.



Once current density was optimized, the effect of ECT on turbidity removal was studied, as shown in Figure 4b. The optimal ECT was determined to be 12 min because turbidity removal reached the highest at 70%. ECT longer than 12 min did not improve turbidity removal. Therefore, for continuous-flow experiments, the design parameters were set at the current density 6.6 mA/cm2 and an ECT of 12 min.



pH dropped from 7.47 to 6.41 after 20 min of operation due to the consumption of hydroxyl anions during the formation of aluminum hydroxide, which precipitates as flocs according to Equation (3). The organic carbon concentration in the EC effluent was considerably variable, with a value of 26.78 ± 14.71 mg/L, representing a TOC removal of 53–78%. Due to relatively low pH during EC operation, the removal of hardness was marginal: 6.4% ± 2.8% for calcium and 2.1% ± 0.5% for magnesium.



Based on the Faraday’s law, the theoretical amount of Al(III) generated from anode at optimal conditions (i.e., 6.6 mA/cm2 and 12 min ECT) is estimated to be 67 mg/L of Al(III). The EC calculation result is comparable with the optimal alum dose obtained from CC, where at Al(III) dose of 80 mg/L, 80% of turbidity was removed; in EC, 74% of turbidity was removed at the theoretical Al(III) dose of 67 mg/L. Meanwhile, pH dropped to 6.4 in both coagulation processes. The actual consumption of aluminum electrodes is higher than the theoretical value, due to electrochemical corrosion of both the anode and cathode that contributes to the extra-faradaic aluminum dosing [36]. Picard et al. demonstrated cathodic dissolution in the EC process due to chemical attack by hydroxyl ions generated during water reduction [37]. The actual coagulant dose in Al-EC can be 1.2 to 2.2 times higher than the calculated faradaic aluminum amount [36,37].



The unit operating costs for EC can be estimated by adding the electrical costs and the costs for the sacrificial anodes. To achieve 70% turbidity recovery, the energy requirement was calculated to be 0.36 kWh/m3 of water treated; this value is 2–10 times lower than other EC studies generating the same amount of aluminum dose during treatment of synthetic water and wastewater [35,36,37], because higher salinity of produced water reduced the electrical resistance of the solution during EC. Given an electrical cost of $0.10/kWh, the electrical power cost was estimated $0.036/m3. The current market price for aluminum sheets (thickness 0.2 to 200 mm) varies in the range of $1000–$3000 per ton. Assuming aluminum electrode cost is ∼$3.00/kg, and the actual blade consumption is two times higher than the theoretical amount (i.e., 2 × 67 = 134 mg/L) due to electrode dissolution [35], the cost of aluminum electrode consumed is estimated $0.40/m3 of treated water. Therefore, the total operating costs for EC were estimated $0.44/m3 of treated water, which is 1.7 and 1.2 times higher than using alum and ferric chloride as chemical coagulants ($0.26/m3 and $0.37/m3), respectively. The EC operating costs can be reduced and comparable to CC by using low-cost aluminum electrodes. It should be noted that the costs for chemical handling and waste disposal were not included in this preliminary cost analysis.




3.3. Continuous-Flow Filtration


Filtration experiments were conducted for 60 h to evaluate the impacts of different filter media on the removal of suspended solids and adsorption of contaminants. Samples were taken after 0.5, 1, 2, 4, 8, 12, 18, 24, 30, 36, 48, 54, and 60 h filtration, for turbidity measurement. Since the EC stage removed about 70% of initial turbidity, the packed-columns had a turbidity of 14.1 ± 5.3 NTU. In addition to turbidity, TOC analysis was conducted for samples from 0 to 36 h of operation, since all filter media had reached turbidity breakthrough (defined as below 50% removal in this study) by around that point. Figure 5 illustrates the removal of turbidity and TOC over time in different media filters.



Removal of salts was negligible because the conductivity reduction was less than 4% in all media filters. None of the filter media had a significant impact on pH, as all the columns reduced it to a range where the lowest value was 6.92. This indicates that there was no significant consumption of alkalinity or generation of chemical species that affected pH during filtration.



3.3.1. New and Spent GAC


New GAC removed 80% turbidity during the first 24 h of filtration and the removal dropped to ~50% after 36 h (Figure 5a,b). Organic contaminants were reduced by 21% during the first 8 h of filtration, and the removal increased to 47% after 36 h. The results obtained in this study are similar to that Dastgheib et al. [15] reported; for GAC in a column experiment with EBCT of 6 min, the greatest removal of organics occurred at 24 h of operation, reaching ~55% removal. The EBCT of the GAC packed-column was designed and operated in this study for 19 min. When comparing these EBCT time to general standards, they all fit to commonly applied values because according to the U.S. Environmental Protection Agency (EPA), typical EBCT for water treatment applications of activated carbon ranges between 5 to 25 min [38].



In addition to the use of new GAC, this study explored an innovative use of spent GAC. One of the advantages of using this media is the low cost. When GAC is no longer useful for filtration in conventional water treatment plants, it becomes a waste; therefore, there is no cost related to acquiring spent GAC for filtration in this study.



According to the results obtained, the spent GAC demonstrated potential for produced water treatment; it reached half turbidity breakthrough after 24 h of operation compared to 36 h for the new GAC. Turbidity removal rates are acceptable at least in the first few hours of operation, since both new and spent GAC achieved over 90% during the first 8 h of operation and maintained greater than 80% after 18 h.



The main differences between new and spent GAC rely on their capacity to remove organics. Because the adsorption capacity of the spent GAC was exhausted during 9-year filtration of surface water, it barely adsorbed organic matter (5%) during the first 8 h of filtration. After 8 h it started showing a TOC removal of 30%.



Leaching test was conducted to investigate the release of adsorbed contaminants into deionized water from the spent GAC in comparison with new GAC. The conductivity of new GAC and spent GAC leachates was 16.4 µS/cm and 57.6 µS/cm after 24-h shaking, respectively. Release of organics from the GAC was 21-times of new GAC. The turbidity of new GAC and spent GAC leachates was 1.98 NTU and 6.72 NTU. The leaching experimental results imply that spent GAC was not as effective as new GAC to remove organic matter.




3.3.2. Walnut and Pecan Shell


Walnut media had great turbidity removal capacity during the first 18 h of operation reducing turbidity from 16.6 NTU to 0.49 NTU (Figure 5c,d). Turbidity breakthrough was reached after 24 h of operation. In terms of organics, TOC increased in the filter effluent right after starting the column operation due to the leaching of organic matter from the media. In contrast, literature reports that walnut shell filtration can decrease produced water turbidity from 33 to 0.02 NTU and remain stable for about 80 h of operation, with an average removal rate of organics of 60% [15]. This difference may be related to the media particle size and EBCT. In this study, the particle size of walnut shell was 1.68–2 mm and the EBCT was 19 min. Dastgheib et al. employed a particle size much smaller of 0.30–0.42 mm and a greater EBCT of 47 min, which may be attributable to the different removal results [15]. Smaller particle size and longer EBCT result in better removal but it increases the operating cost of filtration. Longer operation time for the columns can also represent a disadvantage in larger scale applications due to requirements of larger filters and footprint. Cost-benefit analysis should be conducted before selecting operating parameters for walnut shell.



There are limited studies reporting the use of pecan shell in produced water filtration. Although it reached good turbidity removal during the first 4 h (from 16.6 to <1 NTU), the removal was not maintained thereafter. In addition, pecan shell presented organic leaching during the first hour of operation, increasing TOC concentration in the effluent (Figure 5d). The leaching was visibly observed as the effluent from pecan shell had a light-yellow color during the first couple of hours of operation. Pretreatment procedures for pecan shell would need to be researched and tested to reduce the organic leaching and improve the TOC removal from produced water.




3.3.3. Biochar


Biochar was the filter media that took the longest to reach its best turbidity removal rate (Figure 5a,b). It took 8–12 h to get to 93%, while other filter media like new GAC and walnut shell removed the same percentage only after 1–2 h of operation. Biochar turbidity removal started to decrease after 24 h and reached half turbidity breakthrough.



The greatest advantage of filtering produced water with biochar is its outstanding capacity of removing organic matter. Biochar removed 74% TOC within the first 4 h of operation and maintained the removal rate for 36 h. It was the best filter media to remove organics, since new GAC was the closest to biochar and it only removed <50% of TOC. In this study, the adsorbent capacity of biochar turned out to be the greatest for organic matter removal.



It has been reported some biochars have stronger adsorption and binding affinities to organic contaminants than commercial GACs [39,40]. Our previous study investigated the factors affecting the use of biochar as an alternative adsorbent to treat pharmaceuticals from desalination concentrate in comparison with commercial GAC [32]. The adsorption capacity of biochar was comparable to GAC and achieved higher removal for some organic chemicals. High salinity and electrolyte ions in feedwater improved adsorption process due to neutralization of the negative charge of biochar with cations and compression of electrical double layer near the surface. Also, divalent cations (Ca2+ and Mg2+) in produced water can form complex compound with organics via O-, N-, S- donors—such as carboxyl, hydroxyl, and phenolic functional groups, which benefits the interaction with a negatively charged biochar (coordinates with carboxyl groups on the biochar surface). Although biochar has a less-specific surface area than GAC, biochar achieved comparable turbidity removal and better TOC removal. Further studies are needed to elucidate the mechanisms of contaminants removal from highly saline produced water.



Moreover, biochar could be a low-cost alternative. The biochar used in this study is $287/m3, which could be 5 or 6 times less expensive than GACs, and thus could significantly reduce water treatment costs.




3.3.4. Removal of metals


The removal of metals was monitored in biochar and walnut column filters, given they showed the best performance in TOC and turbidity removal, respectively (Table 3). Both biochar and walnut filter media showed great potential of removing iron from produced water to the level below the instrumental detection limit. These media also removed SiO2 to higher than 50% during filtration. There was no removal of other metals in filters.





3.4. Potential for Onsite Produced Water Reuse


Hydraulic fracturing is a highly water intensive process that requires cross-linked gel fluids for vertical wells and slick-water fluids for horizontally drilled wells. The cross-linked gel fluid usually has a high viscosity to transport sand, ceramics, and other proppant materials to induce fractures in the formation. The slick-water has lower viscosity but contains other friction reducers and chemical additives. Despite their differences in composition and purposes within the fracking process, both fluids can use brackish water [13] instead of freshwater for its operation, such as clean brine. In this study, after EC and filtration, the turbidity of the treated produced water reached less than 1 NTU, and iron was not detected. With the advances in hydraulic fracturing, the high salinity in produced water may not be a limiting factor for reuse. For example, Schlumberger tested the fluid in a variety of mix waters with salinity levels ranging from 43,000 to 350,000 mg/L of TDS from formations in the Marcellus Shale and the Permian Basin. Identical formulations showed improved performance as the salinity increased [41].





4. Conclusions


This study aims to generate a clean brine with low suspended solids, iron, and organic matter, which can be reused onsite for hydraulic fracturing process. Reuse of produced water can significantly reduce the current freshwater consumption during unconventional oil and gas exploration, and decrease the volume of produced water for deep well disposal. This study evaluated different alternatives for produced water treatment, including through a comparison between chemical and electro-coagulation, and different low-cost filter media.



During chemical coagulation, alum exhibited higher removal of turbidity than ferric chloride at the same molar concentration, resulting in lower chemical demand and cost. To achieve 60% removal of turbidity from the produced water, it requires 36 mg/L Al(III) (444 mg/L Al2(SO4)3⋅18H2O) and 134 mg/L Fe(III) (650 mg/L FeCl3 ⋅6H2O) as the coagulant. The total operating costs, including the electrical power cost and chemical cost for Al and Fe coagulation, were estimated approximately $0.26/m3 and $0.37/m3, respectively.



EC removed 70% of turbidity and an average of 63% of TOC from the produced water under optimal Al dose (current density of 6.60 mA/cm2 and EC treatment time of 12 min). The energy requirement was calculated 0.36 kWh/m3 of water treated, which is much lower than EC treatment of lower salinity water and wastewater. EC has the advantage of shorter retention time, no need for additional chemicals, lesser sludge generation, and high mobility for onsite produced water treatment. Assuming the aluminum electrodissolution yield of 200% due to faradaic reaction and electrode corrosion, the total operating cost of EC was estimated $0.44/m3 of treated water, which is 1.7 or 1.2 times higher than CC using alum or ferric chloride as the coagulant.



After EC, media filtration contributed to further turbidity removal: up to 97% for walnut shell, 95% for new GAC, and 94% for biochar. In terms or organic removal, only biochar and new GAC were considered effective. Spent GAC had very low organic matter removal rates, and walnut and pecan shell leached out organics which caused an increase rather than a removal. All of these occur with reasonable pH changes (reducing from 7.44 to 6.92). Regarding metals in filtrate from walnut shell and biochar, iron was reduced to an undetectable level; SiO2 was reduced by 50%; and other elements, such as calcium, sodium, and magnesium, were not significantly removed.



The use of agricultural waste products (e.g., pecan, walnut shell, and biochar) for packed-column filtration represents a promising economic advantage. Although walnut shell had a greater contaminant removal capacity compared to pecan shell, both can contribute to treating produced water into a clean brine. The economic investment of applying these filter media would be minimal, as the costs related are energy (pumping water) and materials. Spent shells after useful lifetime could be landfilled or used as fuels to generate energy.
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Figure 1. General schematic representation of electrocoagulation (EC). 






Figure 1. General schematic representation of electrocoagulation (EC).



[image: Water 12 00770 g001]







[image: Water 12 00770 g002 550] 





Figure 2. Schematic diagram of the continuous-flow experimental set up. The packed columns employed different media, from left to right: walnut shell, biochar, pecan shell, new GAC, and spent GAC. 
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Figure 3. Turbidity removal (a) and pH change (b) during chemical coagulation of produced water. 
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Figure 4. Effect of applied current density (a) and electrocoagulation time (b) during electrocoagulation on turbidity removal. The error bars represent the variability of duplicate experiments. 
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Figure 5. Removal of turbidity (a) and (c), and removal of TOC (b) and (d) in different media filters. 
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Table 1. Electrocoagulation technologies applied in produced water treatment: design parameters.
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Ref.

	
HRT (min)

	
Experimental

Set up/Arrangement

	
Current Density (mA/cm2)

	
Produced Water Characteristics






	
[26]

	
4

	
Continuous flow goes 4 times through the reactor (each time 1 min), Al and Fe electrodes

	
10 and 20

	
Conductivity 150–160 mS/cm, COD 27 mg/L, 68% COD removal




	
45

	
Batch operation

PW 400 mL, Al and Fe electrodes

	
13.9

	
Conductivity 160–167 mS/cm, COD 32 mg/L, 67% COD removal




	
[22]

	
30

	
Continuous flow, pilot scale

PW 80 L

Fe electrodes

	
5.56

	
COD 280 mg/L, Turbidity 135 NTU; Max. turbidity removal 93.8% and 67% COD removal




	
[21]

	
1

	
Continuous flow at 1.14 L/min

Al electrodes

Coal seam PW

	
0.8

	
Turbidity 8.5 NTU, DOC 6.4 mg/L; 54% DOC removal

Significant removal in scale formation species




	
[27]

	
15–90

	
Batch operation

PW 500 mL

Aluminum electrodes

	
1.2–3.6

	
TDS 15 g/L, boron 10mg/L

15 min removes 60% boron; 90 min removes 98% boron




	
[28]

	
30–90

	
Batch operation,

Volume of oil sands PW 1.5 L

Al and Fe electrodes; AlCl3 added

	
6–30

	
TDS 1.7 g/L

TOC 475–720 mg/L

39% TOC removal








COD—chemical oxygen demand; DOC—dissolved organic carbon; HRT—hydraulic retention time; NTU—nephelometric turbidity units; PW—produced water; TDS—total dissolved solids; TOC—total organic carbon.
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Table 2. Chemical characteristics of the produced water from the Permian Basin, Jal, NM.
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	Parameter
	Unit
	Value





	pH
	
	7.30 ± 0.21



	Alkalinity
	mg/L as CaCO3
	2345 ± 329



	Electrical conductivity
	mS/cm
	201.2 ± 13.3



	Total dissolved solids
	g/L
	129.3 ± 8.5



	Total organic carbon
	mg/L
	83.1 ± 30.8



	Total phosphorus
	mg/L
	<0.1



	Turbidity
	NTU
	53.4 ± 5.0



	Ammonium
	mg/L
	655 ± 77



	Arsenic
	mg/L
	1.1 ± 0.0



	Barium
	mg/L
	1.0 ± 0.0



	Bromide
	mg/L
	591 ± 16



	Calcium
	mg/L
	4247 ± 752



	Chloride
	mg/L
	65,800 ± 1600



	Iron
	mg/L
	11 ± 9



	Lithium
	mg/L
	18.8 ± 0.3



	Magnesium
	mg/L
	727 ± 54



	Manganese
	mg/L
	0.66 ± 0.02



	Nickel
	mg/L
	0.02 ± 0.004



	Potassium
	mg/L
	805 ± 230



	Silica
	mg/L
	32 ± 2



	Sodium
	mg/L
	42,720 ± 2093



	Strontium
	mg/L
	257 ± 20



	Sulfate
	mg/L
	1010 ± 9
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Table 3. Metal concentrations in filtrate from biochar and walnut column filters.
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Water Sample

	
Time (Hours)

	
As (mg/L)

	
Ba (mg/L)

	
Fe (mg/L)

	
Ca (mg/L)

	
Mg (mg/L)

	
SiO2 (mg/L)

	
Na (mg/L)






	
Filter influent

	
0

	
1.12

	
1.03

	
13.4

	
3799

	
529

	
34.7

	
33,190




	
Biochar

	
0.25

	
0.98

	
2.18

	
ND

	
2943

	
448

	
14.3

	
26,840




	
0.5

	
1.04

	
1.25

	
ND

	
3682

	
527

	
13.2

	
33,840




	
36

	
1.04

	
0.95

	
ND

	
3907

	
539

	
18.4

	
34,840




	
Walnut

	
0.25

	
1.03

	
1.29

	
ND

	
3807

	
555

	
16.9

	
33,990




	
0.5

	
1.15

	
1.01

	
ND

	
3837

	
550

	
13.7

	
34,310




	
36

	
1.01

	
0.94

	
0.3

	
3933

	
553

	
17.9

	
35,140




	
MDL

	

	
0.1

	
0.001

	
0.0287

	
0.016

	
0.24

	
0.015

	
0.0483








ND: non-detectable; MDL: minimum detectable level.
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