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Abstract

:

Produced water (PW), the largest waste stream generated in oil and gas industries, has the potential to be a harmless product rather than being a waste. Biological processes using microorganisms have proven useful to remediate PW contaminated by petroleum hydrocarbons, complex organic chemicals, and solvents. In particular, the bioremediation of PW using algae is an eco-friendly and low-cost approach due to algae’s ability to utilize certain pollutants as nutrient sources. Therefore, the utilization of PW as an algal growth medium has a great potential to eliminate chemicals from the PW and minimize the large volumes of freshwater needed for cultivation. Although several reviews describing the bioremediation of PW have been published, to the best of our knowledge, no review has exclusively focused on the algae-based PW treatment. Therefore, the present review is dedicated to filling this gap by portraying the many different facets of the algae cultivation in PW. Several algal species that are known to thrive in a wide range of salinity and the critical steps for their cultivation in hypersaline PW have been identified. Overall, this comprehensive review highlights the PW bioremediation using algae and brings attention to utilizing PW to grow biomass that can be processed to generate biofuels and useful bioproducts.
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1. Introduction


Oil and gas industries generate a significant amount of wastewater along with oil and gas, to the surface, lifting from the subsurface. This geologic water is known as produced water (PW). All over the world, approximately 250 million barrels of PW are generated per day from gas and oil industry and more than 40% of these are introduced into the environment posing a threat of severe environmental pollution [1,2,3,4]. PW has varying concentrations of contaminants such as hydrocarbons, heavy metals, and additives that, if not treated properly, can significantly contaminate the receiving water bodies, soil and air [5,6]. The composition of PW varies with the geologic age, depth, and geochemistry of the hydrocarbon-bearing region along with the chemical composition of crude oil and natural gas in the particular zone and the chemicals added during the exploration process. Traditionally, chemical, physical, and mechanical methods have been used to treat PW. Major physico–chemical methods include thermal technologies (multi-stage flash distillation, vapor compression distillation, freeze–thaw evaporation) [7], floatation [8] and density-based separation [2], adsorption technologies [9], membrane filtration technologies [10], chemical precipitation, chemical oxidation, and electrochemical methods [11]. These methods suffer from high cost and energy input (thermal methods), scale formation issues (membrane, thermal methods), extensive pre- and post-treatment requirements (thermal methods, membrane methods, adsorption), sludge disposal (chemical precipitation, electrochemical systems) and poor efficiency (membrane methods, electrochemical methods). Moreover, these methods are often complicated since they depend substantially on the certain characteristics of the effluent [2,6].



On the other hand, biological treatment methods are an economical and effective method that can remove harmful chemicals and pollutants from the environment [12]. It is well known that many microorganisms such as algae, bacteria, fungi, yeast etc. can grow in highly saline media, which qualify them for the bioremediation of effluents such as PW [13]. Therefore, the use of microorganisms, such as algae for the purification of PW, represents an important advantage in the bioremediation process. Algae is capable of removing pollutants such as nutrients, heavy metals, and dissolved and complex organic chemicals from various types of wastewater such as municipal wastewater [14,15,16], landfill leachate [17], anaerobic digestion effluent [18] and sewage waste [19]. Generally, algae remove toxic elements through mechanisms such as biosorption and bioaccumulation [20,21,22,23,24]. Negatively-charged extracellular polymeric substances (EPS) of microalgae are also known for metal biosorption [20,24,25]. Microalgae need some of the elements present in PW for their growth [4]. Therefore, the cultivation of microalgae in PW could significantly clean up this effluent. Moreover, the algal approach can also lead to a more sustainable approach in PW remediation since it incorporates resource recovery in the treatment model by producing biomass that can serve as raw materials for biofuel, bioactive compounds, and nutrients supplement production [26,27].



Although PW contains some toxic components that may inhibit algae growth, it also contains some nutrients such as nitrogen and phosphorus, in the form of ammonium and phosphate, respectively, that are required for biomass cultivation [28]. These vital nutrients are generally available in PW at an adequate level for algae growth and often at levels more than that in the commercial growth media [28,29,30,31]. Since the nutrient addition can represent ~50% of the algae cultivation costs [12], the presence of nitrogen and phosphorus improves the overall economy and return on investment. Therefore, the cultivation of microalgae in PW is an efficient means to remove nutrients from PW. Additionally, the algal biomass can be transformed into valuable products, such as biofuels (e.g., biodiesel and bioethanol).



Generally, brackish groundwater is widely used to cultivate many species of algae due to its wide range of total dissolved solids (TDS). Therefore, PW, often found to be in the brackish TDS range, can be a great resource for algae cultivation [32]. Hence, the proper utilization of PW could provide cost-effective advantages to current PW disposal methods by producing biofilm biomass and associated high-value products such as phycocyanin. Commonly, algal biofilms are used to produce various valuable products such as bioplastics, pharmaceutically active compounds, high-value chemicals, biofuel feedstock, and animal feed [33]. In addition, phycocyanin, a major blue phycobiliprotein pigment found in cyanobacteria, has numerous potential applications in biotechnology, medicine, cosmetics, and food applications [34,35]. For example, it is widely used as a label for fluorescence diagnostics and immunoassays, owing to its specific and intense fluorescent properties [36]. However, the production of this high-value bioproduct is currently dominated by the outdoor culture in open ponds and raceways, which require large volumes of growth medium and include expensive post-processing operations such as harvesting and drying [34].



Algae-based biofuel production has received considerable attention in recent years owing to its biodegradability and sustainability. The carbohydrate and oil contents of algae allow them to be considered as a potential feedstock to produce biofuels. For example, algae biomass could be converted to bio-crude by hydrothermal liquefaction (HTL) that mimics fossil fuel generation [37,38]. Microalgae produce mainly non-polar lipids such as triacylglycerols/triglycerides and polar lipids such as phospholipids [39]. These lipids are excellent sources for biofuels production. Generally, non-polar lipid forms such as mono-, di-, and triacylglycerols (MAGs, DAGs, and TAGs, respectively), and free fatty acids (FFAs) can be converted into biodiesel (i.e., fatty acid methyl esters—FAMEs) through transesterification process [39]. However, triacylglycerols (TAGs) are the most desirable form for conversion into biodiesel due to the high yield of FAME production (i.e., 3 moles of FAME per mole of TAG). Many microalgae are known to accumulate triacylglycerols under stressed conditions (e.g., high salinity, nutrient deficiency, excess light, etc.) as a storage of carbon and energy. While various types of wastewater have been widely used as media to cultivate algae, PW is not well explored in this context. While a limited number of studies utilized PW explicitly for algae cultivation, only a few determined the lipid production [11,40]. Therefore, a review of such exploration is needed to identify potential challenges and shed light on future perspectives.



Many studies have been conducted in recent years into using PW for algal-based biomass and biofuel production [41]. However, to the best of our knowledge, there have been no systematic reviews that holistically reported the cultivation of microalgae in PW and discussed the potential of bioremediation and biomass and biofuels production. Moreover, there is little information available regarding the availability, quality, toxicity, and overall feasibility of PW for the cultivation of algae. Therefore, the primary objectives of this review are to demonstrate the potential of algae to (i) produce biomass and biofuels utilizing the PW as the source of nutrients, and (ii) remediate contaminants from PW. In the beginning, a comprehensive literature search strategy has been followed to determine the current trend in this field and the scope of the review. Later, the review extensively summarizes recent findings related exclusively to PW and algae and discusses the different methodologies developed by researchers to exploit the algae–PW system. Finally, the review sheds light on the post-processing of both PW and algae, the factors affecting the large-scale development of this system, and associated challenges.



Furthermore, a special focus is given to the cultivation of algae in PW for biomass production. Interestingly, the current work is unique in identifying the major steps to promote the cultivation of algae in PW. We also collected the various algal species from the literature and provided a breakdown of freshwater and marine strains that have been deployed in PW systems. These strains can be further researched, and the breakdown can be used to identify other potential strains that can thrive in PW. Additionally, we provided an exclusive list of algal species that are known to thrive in a wide range of salinity; therefore, they can be explored in hypersaline PW treatment.



A comprehensive literature search strategy was done through the Web of Science, Google Scholar, ProQuest database and Produced Water Society (PWS) seminars. From the literature survey, we observed that although the algae-based PW treatment system or PW-based algae cultivation system is not new, there has not been much research effort spent on either system before 2014. Moreover, while the number of research articles published every year increased since then, the overall efforts made are still meager. In addition to review articles and patents, the increasing number of research articles and citations, as primary indicators of the growing research interest in this field, have inspired the current review.




2. Algae-Based PW Systems


2.1. Cultivation of Algae in PW for Biomass Production


The characteristics of PW depend on the geological formation of the reservoirs, the procedure used in the extraction, and the age of the oil well [42]. Generally, the complex chemical composition of PW makes the cultivation of algae challenging and often requires treatment beyond oil/water separation to make it suitable for algal growth. Nevertheless, PW has high levels of salinity and has nutrients such as nitrogen and potassium that can facilitate algae growth. Therefore, PW can be used to grow algae either as a standalone media or by mixing with other media. Table 1 presents a comprehensive list of parameters with a typical range to provide a general overview of PW characteristics.



Undoubtedly, the chemical and physical properties of PW show significant variation, as indicated by the wide range of the parameters listed above, and no two region’s PW can be alike. Therefore, multiple steps such as the pre-treatment of PW, selection of algal species based on the specific characteristics of PW and adaptation of algae in PW, and their combinations are often followed to successfully cultivate algae using PW.



2.1.1. Pre-Treatment of PW


Since PW contains various concentrations of free oil, dissolved solids, metals, organic contaminants, volatile organic compounds (VOCs), and precipitates of scale-forming minerals that can interfere with algae growth, pre-treatment of PW prior to media mixing is often required [40]. For instance, Al-Ghouti et al. filtered PW from a natural gas field in Qatar using a 0.45 μm millipore filter to remove most of the suspended solids and other significant pollutants [11]. The PW was then used to effectively grow five chlorophytes that effectively removed several heavy metals such as Al, Zn, and Fe. Similarly, Godfrey pre-treated PW by centrifugation, settling, and activated carbon filtration and observed significant increase in algal growth and lipid productivity [47]. In particular, the author centrifuged the PW to remove visible black hydrocarbons that settled in a black mass [48]. The study then reported that pre-treatment helped to increase the lipid accumulation in the algal biomass. However, since centrifugation in a large, commercial process is too costly activated carbon can be used as an alternative. Godfrey compared both methods of hydrocarbon removal and reported that activated carbon filtration was more effective than centrifugation in terms of hydrocarbon removal from PW. Therefore, activated carbon filtration can be a viable technique for hydrocarbon removal, especially in large-scale algal systems using PW [48].



Among other pre-treatment methods, Ranjbar et al. used sterilization of PW at 121 °C for 15 min before inoculating Dunaliella salina. In the absence of sterilization, complete inhibition of the growth by antagonistic microorganisms was recorded [39]. Therefore, sterilization should be a part of the pre-treatment of PW not only to inhibit the growth of microorganisms but also to inactivate inhibitory chemicals, decompose organic contaminants, and precipitate toxic metals [39]. However, since sterilization is not feasible in large-scale cultivation, algal growth can often be challenged. For instance, Winckelmann et al. used pre-cleaned PW to grow an indigenous isolate Scenedesmus sp. in open ponds under semi-continuous conditions [49]. Although the pre-cleaning process was not elaborately described, the group reported weed algae (cyanobacteria and diatoms) contamination of the produced biomass that led to a negative effect on photosynthetic efficiency of the cultures over time [49]. Another challenge of using PW could arise from precipitate formation. For example, Neal et al. cultivated Nannochloropsis salina in treated PW collected from Eldorado Biofuels, Jal, New Mexico, that was then filtered using a 0.22 μm filter [32]. Nevertheless, the group reported high optical density data without a scaled amount of chlorophyll. This indicated that some precipitates, which formed from high sulfate concentrations as were shown by the scanning electron microscope (SEM) image and energy-dispersive X-ray spectroscopy (EDAX) spectra, may have fallen out of the PW even after filtration. Such precipitates in PW can absorb the light that the algae need and thus inhibit the growth.




2.1.2. Selection of Algal Species Based on the Salinity of PW


Additional challenges of cultivating algae in PW comes from its high salinity. Generally, freshwater algae do not seem to grow well in PW with high salinity. The unpublished work from Badrinarayanan showed that freshwater algae Chlamydomonas reinhardtii grows in 20 times diluted PW i.e., at low salinity [50]. The work also reported that the growth rates get better when grown along with Tris-Acetate-Phosphate (TAP) medium. Although C. reinhardtii did not seem to grow well in this study, it must be noted that the PW used in the study had an exceptional level of salinity. Badrinarayanan pre-treated PW using centrifugation and vacuum filtration to remove the solids, yet the final, clear PW had a salinity of ~147,000 mg L−1. Among the published work, Johnson et al. recently identified Scenedesmus rotundus, another freshwater species, that caused bio-fouling of an oil field PW treatment facility. As the research group conducted a site audit, they reported a high bicarbonate content likely from oil biodegradation and a high phosphate influent from a storm drain. The group attributed these findings to the growth of the colony-forming S. rotundus, that initially manifested as a slime which then aggregated to form slime mats after flocculants were added, and finally led to the biofouling of the PW treatment system [40,51]. Initial analysis of the slime by light microscopy indicated the slime to be microbial in origin. Furthermore, the species level classification of algal sequences under the classification Plantae from the slime sample, indicated that 70% of plastid sequences belonged to the species S. rotundus. This alga is known to be found in a wide range of sub-tropical and desert locations, which indicates the climate (i.e., elongated periods of desiccation and tropical rainfall) experienced by this microalgal species at the PW treatment plant [52,53,54,55,56]. The salinity of the PW treatment plant at the time of sampling was between 5021 and 7294 mg L−1, which typically is in the range of moderately saline water. Other research has corroborated that Scenedesmus sp. can grow optimally at salinities between 0 and 10,000 mg L−1, with growth possible but inhibited between 10,000 and 30,000 mg L−1 [52]. These research findings indicate that some freshwater algae such as the C. reinhardtii, S. rotundus, and Scenedesmus sp. can tolerate moderate salinity.



Alternatively, marine algal strains can withstand even higher salinity and thus, have a competitive advantage over their freshwater counterparts. For example, marine microalgae species Nannochloropsis sp. Showed a higher growth and biomass production rate than C. reinhardtii at the same dilution (20 times) of PW, as reported by Badrinarayanan. Another Nannochloropsis species; Nannochloropsis oculata, showed great potential for cultivation in culture media with 50% PW and produced significant biomass in rates similar to those achieved in traditional culture systems [42]. The group reported that the culture in 100% PW was also possible, although the biomass yield was low. A previous study has reported that Nannochloropsis sp. has a peak salinity tolerance of around 40 g TDS L−1 [57]. Another marine algae Dunaliella sp. is known to tolerate salt concentrations ranging from 5000 to 359,000 mg L−1 [39]. Hopkins et al. cultivated Dunaliella tertiolecta, another marine species, in PW with a wide range of salinities 30–210 g TDS L−1 and reported similar biomass productivity (i.e., biomass accumulation rate) for salinities between 30 and 120 g TDS L−1 while salinity-induced growth inhibition occurred at ≥180 g TDS L−1. Generally, the genus Dunaliella is very well known for its ability to thrive in saline to extreme hypersaline environments. This species has also been reported to grow in brackish coal gas seam and saline hydraulic fracturing flowback water [58,59].



Hopkins et al. further correlated the growth with nutrient removal (phosphate and nitrate) at various salinity of the PW media. At lower salinity conditions (30–210 g TDS L−1), nitrate was removed by days eight to nine, whereas at the higher salinity conditions, this did not occur until day 11. In either case, phosphate was removed one or two days earlier. The authors also reported that the most extreme hypersaline conditions (210 g TDS L−1) required the highest phosphate and nitrate nutrient amounts, which is likely due to greater nutrient and energy requirements for growth at this extreme ionic strength [60]. Nevertheless, these experimental findings indicate D. tertiolecta and other species in the genus as potential candidates that can tolerate the challenging ionic strengths typical of PW.



Very recently, Hopkins et al. discovered two freshwater species Cyanobacterium aponinum and Parachlorella kessleri dominated polyculture in PW originating from a production facility in the Permian Basin of southwestern New Mexico [41]. This polyculture demonstrated great potential for growth in a wide range of PW salinities such as 15, 30, and 60 g TDS L−1. Although the growth reduced at salinities of 75 and 90 g TDS L−1 and little to no biomass was produced in salinities ≥ 105 g TDS L−1, however, dilution to 60 g TDS L−1 was able to restart the growth. Therefore, the researchers concluded that both C. aponinum and P. kessleri were able to grow in highly saline PW, with an upper halotolerance of ≥60 g TDS L−1. More interestingly, when the authors compared the growth rates in PW to the f/2 medium, the polyculture displayed higher initial growth rates in all PW conditions (≤ 60 g TDS L−1) than that in the f/2 medium. The authors attributed this finding to the 10 times higher alkalinity due to higher levels of bicarbonate (~20 mM) in PW based media, compared to that (~2 mM) of the seawater-based f/2 medium. Table 2 presents detailed information on the algal species that have been deployed in PW for bioremediation and biomass generation purposes at various cultivation and experimental conditions.



Figure 1a shows the number of algal species per phylum that have been explored for their ability to thrive in PW and Figure 1b presents the breakdown of freshwater and marine algal strains among the explored algae. It is no wonder that Chlorophyta and Cyanobacteria are the most explored phyla. It is evidenced that marine strains have been less explored than the freshwater strains. However, our current discussion indicates that exploring marine strains is worth more than freshwater strains due to the hypersalinity of PW. Therefore, Table 2 and Figure 1 combined can be used to identify algal species that have already been known to thrive in PW and conduct their feasibility for large-scale PW systems and explore more species, especially halotolerant marine strains.




2.1.3. Adaptation of Algae in PW


In addition to the pre-treatment of PW and choosing a halotolerant species, it is equally crucial to allow algae to adapt in PW for achieving optimal growth. For instance, Ammar et al. cultivated marine species N. oculata and Isochrysis galbana in a mixture of PW and modified BG-11 in three adaptation stages: 10%, 25%, and 50% PW media. In every stage, the group repeated the cultivation experiment twice to allow microalgae to adapt with the new PW environment. They reported that by increasing the PW loading, the period of the lag phase was prolonged for both N. oculata and I. galbana. This indicated that the microalgae took a longer time to adapt to the new conditions when the PW concentration was gradually increased. As the authors compared the growth of the microalgae in PW with the control (0% PW), they observed that both strains showed a noticeable improvement in the second experiment of each adaptation stage. This finding indicated that both N. oculata and I. galbana were able to adapt to new and low-nutrition conditions. However, the final biomass yields decreased with increasing PW loading. The biomass concentration dropped by ~70% for both strains when the effluent loading increased from 10% to 50%. This suggests inhibition of microalgal growth in high PW loadings. In addition, at higher PW concentrations, microalgae flocculated in the flask bottom, which is due to the presence of metal ions that neutralized the cell surface. Nevertheless, both microalgae adapted substantially in PW. N. oculata yielded a higher biomass than I. galbana in low PW loadings, whereas I. galbana showed an improvement in biomass yield in high PW loading (50%) due to the high salinity of PW media which is favorable for its growth. In a similar study, Godfrey successfully grew Synechocystis sp. in PW by periodically adding concentrated sodium nitrate to the culture. It was observed that Synechocystis sp. grew easily in diluted PW if given enough nitrate. These studies, therefore, indicate a possible adaptive advantage of preadapted cells in PW.



In a very recent study, Calderón-Delgado explored the effect of PW on the cell diameter of Chlorella vulgaris. A significant negative correlation was reported as they observed a reduction in cell diameter in PW experiments with respect to the control experiment [61]. The diameter reduced more as the PW concentration increased, which is probably due to an adaptive mechanism for the number of xenobiotics present in PW. The small cell diameter of C. vulgaris is an advantage to reduce the levels of xenobiotics and increase biotransformation. Generally, smaller cells have a bigger specific surface area that allows the algae to absorb xenobiotics effectively [66,67]. This adaptive response to the toxicity can also be correlated with the chlorophyll content by a lower volume due to the degradation of pigment.




2.1.4. Addition of Media Mixes and Nutrients to PW


Although adding standard media components and nutrients to PW has become a very common practice, there are challenges associated with such additions [40]. Such additions can often add excess trace metals and anions that may result in the precipitation of multiple constituents in various forms. For example, Ca2+ mixed with high SO42− water and subsequent evaporation leads to precipitation of gypsum [40]. Moreover, significant losses of mineral constituents occurred when the same researchers modeled a medium mixing process to create a typical saline f/2- Si medium (35,000 mg TDS L−1) using standard media mixes of chemically pure compounds and brackish PW from the Jal, New Mexico, test well [40]. The group reported the formation of fluorapatite (Ca5(PO4)3F), calcite (CaCO3), huntite (CaMg3(CO3)4) etc. when insoluble amounts of calcium and phosphorous were added to the culture media. These minerals consisted of 99% of the mass of precipitated minerals, while the precipitation occurred as a function of temperature (typical ranges for southern New Mexico and west Texas). In contrast, nutrient losses could have been reduced if the mix was adjusted to accommodate the existing elements in solution. In fact, the media can be optimized to suppress precipitation by selectively removing excess divalent ions such as Ca2+, SO42− or that are beyond the need for algae growth. This reduces the loss of critical constituents, including Co, Fe, K, Mg, Mn etc. Therefore, chemical balancing of the media mix can prevent precipitation and minimize nutrient costs.



As previously discussed, the pre-treatment of the PW can potentially reduce or remove some of the contaminants and allow better growth conditions for algae. For example, the removal of suspended solids and colloidal materials can allow better sunlight penetration, and consequently, more algal biomass production [4]. For instance, Das et al. investigated the growth viability of three freshwater strains (Chlorella sp., Scenedesmus sp., and Monoraphidium sp.) and three marine microalgal strains (Tetraselmis sp., Picochlorum sp., Lyptolyngbya sp.) in the pre-treated PW, presented in Table 2. The group pre-treated the PW by adding NaOH to adjust the pH from 4.2 to 7.1 and centrifuging to remove suspended and colloidal materials [4]. The pre-treated PW was used as a growth media in two conditions (i) with N and P supplementation and (ii) without additional nutrients. Out of these microalgae, only Chlorella sp. and Scenedesmus sp. were able to grow in both conditions. Although the pre-treated PW lacked phosphorus, the authors reported that the growth of Chlorella sp. and Scenedesmus sp. was supported by the residual phosphorus in the inoculum. Additionally, being a mixotrophic strain, Chlorella sp. could utilize suitable organic compounds from the PW. When N and P were supplemented in the PW, the biomass density of Chlorella sp. increased by 32% after 15 days. The other strains lost the green pigments (i.e., chlorophylls) and their biomass productivity was decreased. Additionally, none of these strains could grow even after supplementing nutrients, which indicates the toxicity of the pre-treated PW. Chlorella sp. had the maximum biomass density on both occasions. In a similar study, Godfrey et al. reported that substitution of growth media with PW supplemented with N and P can be more economical owing to comparable lipid and biomass productivities at a lower cost and without the requirement of freshwater [47].



Therefore, the growth dynamics and cell density of algae can be significantly influenced by the PW inclusion, depending on the availability of nutrients such as N and P in the ultimate culture media. Moreover, some manipulation of these key nutrients can alter the metabolic and developmental pathways in algae. For instance, the addition of supplemental nutrients in all cases resulted in higher biomass densities and a longer exponential growth phase, as reported by Ranjbar et al. [39]. On the other hand, other research demonstrated a faster log phase and doubling time by increasing the PW supplementation. For example, Talebi et al. showed that biomass production and lipid content of D. salina increased by approximately 120% and 65%, respectively, compared to those in seawater (control), and after the addition of the PW [46]. As a result, approximately two to four times higher lipid productivity values were achieved using the cultures enriched by different ratios of seawater and PW (1:1 to 3:1). The group also reported that the algal cells grown in the 1: 1 medium reached the pre-stationary phase earlier than that in seawater, where the cells were still in their early stage of development. In addition, the biomass productivity (BP), lipid content (LC), and volumetric lipid productivity (LP) increased approximately 120%, 65%, and 263%, respectively, when compared with that of the seawater. Moreover, additional dilutions of the PW, i.e., 2:1 and 3:1 (seawater and PW), negatively affected the BP compared to the 1: 1 medium. The algal cells grown in the 1: 1 medium also grew larger (presumably due to moderate β-carotene accumulation) than those in the other medium. As the authors analyzed the bioremediation capability of D. salina, it turned out that the NO3 and PO4 reduced by ~66% and ~41%, respectively, which indicated that the algal cells efficiently took up the required nutrients (N and P) present in the PW. Overall, the group attributed these findings to the availability of required N and P in the 1: 1 medium, therefore, no further nutrient supplementation was necessary to improve biomass production and consequently the increase in BP and LP values.



Among the large-scale studies, recent research by Wood et al. showed that the Rotating Algal Biofilm Reactor (RABR) growth platform, coupled with utilizing PW as a growth medium could reduce the costs of large-scale phycocyanin production [65]. The authors used undiluted PW to grow cyanobacteria that they named Logan Lagoons Cyanobacteria Two (LLC2). Phycocyanin accumulated in the cyanobacterial biofilms reached the maximum value during the stationary period of LLC2 growth. However, the authors reported that phycocyanin productivity was lower in the undiluted PW than that of the prepared growth medium. Therefore, supplemental use of the prepared medium can be necessary to ensure nutrient availability.




2.1.5. Dilution of PW for Optimal Growth of Algae


The concentration PW in the medium can determine the growth and biomass productivity of algae. Many studies, as presented in Table 2, have used various dilutions of PW as standard media for the successful cultivation of algae. For example, Calderón-Delgado challenged C. vulgaris to 0%, 25%, 50%, 75%, and 100% of PW concentrations adding inorganic culture medium [61]. Their results showed continuous growth and cellular division with a constant rate until 72 h, before a high variation, when compared with the control between lower and higher concentrations, was observed. At 120 h, cell density of 50% PW and 75% PW was considerably lower than that of the control group. In contrast, experiments with 100% PW and 25% PW showed the highest cell density. The authors attributed this result, at the lowest concentration, to a hormetic effect, which is a phenomenon favored by a low-dose stimulation over any biological response [68,69]. The authors reported the treatments with 50% PW and 75% PW as self-limiting systems where the waste products, in the presence of toxic compounds, inhibited the growth by depositing and accumulating in the cellular membrane, reducing the exchange between the cell and the outside environment [70]. Nevertheless, it is well known that PW with a high nutrient concentration can induce eutrophication in an ecosystem through fast adaptation such as physiological acclimation, modification of genetic expression etc. [71]. Moreover, PW can transport bacteria capable of producing compounds that can be used by algae making a symbiotic relationship [72].



Based on the above literature survey and current discussion, four critical steps have been identified to promote the cultivation of algae in PW. These steps are presented in Figure 2. Typically, pre-treatments that remove organic constituents, and not the salinity, should be the most economical. Therefore, aligning the available salinity of the PW with the optimal salinity for a cultivated alga of interest can save considerable treatment costs for algal media preparation. Nevertheless, a clear understanding of PW chemistry is always critical to success in determining cultivation goals [40].





2.2. Algal-Based Biofuel Production Using PW


The complex chemical nature of PW is often found to create stress on the algae. For example, Neal et al. reported several conditions, such as bacterial contamination, precipitate formation, and the wrong type of nutrient that may cause the stress [32]. However, the lower growth may not be as important to overall biofuel production if higher lipid yields result from such PW-induced stress. Additionally, PW can be deficient in nitrogen, as reported by Ranjbar et al. [39], which is essential for increasing the algal growth. Therefore, the addition of supplemental nitrogen can be done at low concentrations to stimulate lipid accumulation in algae [39]. In addition, the dynamics of nutrient uptake and depletion of nitrogen can play a vital role in deciding the production of lipids. For instance, Ranjbar et al. inoculated D. salina in PW for 29 days and recorded a higher cellular lipid content in the presence of supplemental nutrients than that in their absence [39]. This finding contradicts the fact of stimulation in D. salina’s lipid production under nitrogen limiting conditions. However, the nitrogen analysis in the growth medium disclosed that the nitrogen in both cultures, with and without supplemental nutrients, was nearly exhausted at the beginning of the stationary phase after 22 and 15 days, respectively.



Godfrey successfully grew several strains of algae in PW, with a few strains producing significant amounts of non-polar or neutral lipids such as TAGs [47]. The work supplemented PW with sodium nitrate and potassium phosphate, since both N and P were much lower in the PW than the amount needed for growth. Among the strains tested, Amphora coffeaformis yielded high TAG content. In an effort to optimizing the amount of these nutrients for maximal growth and lipid production, N and P were added, ranging from no addition to that of the Broad Seawater (BS) recipe which contains 150 mg L−1 sodium nitrate and 250 mg L−1 potassium phosphate, respectively. The results from these experiments showed that the highest lipid production occurred at no addition of phosphate. In contrast, algal growth was highest at the maximum phosphate concentration. However, no significant difference was observed in biomass production at all other concentrations. Therefore, Godfrey concluded that the addition of phosphate stimulated no advantage in the biofuel objective and A. coffeaformis could produce sufficient biomass and lipids in the PW. In a further effort to optimize the nitrate concentration, sodium nitrate was supplemented at 0, 25, 75, 150, and 300 mg L-1. The highest neutral lipid formation was achieved when 75 mg L−1 sodium nitrate was supplemented, while the highest dry weight was achieved at 150 mg L−1 sodium nitrate. It was evidenced that adding < 75 mg L−1 nitrate was insufficient to trigger lipid formation. On the other hand, at 150 mg L−1 nitrate addition, biomass production was the highest and a reasonable concentration of neutral lipids was produced. A very similar result was obtained for Chaetoceros gracilis as Godfrey conducted a similar optimization experiment for C. gracilis. Therefore, Godfrey selected 150 mg L−1 nitrate concentration as the optimal amount to add to PW as growth medium.



Although the highest lipid production occurred with no addition of phosphate, the study further reported that phosphate addition had a distinct effect on A. coffeaformis and C. gracilis. Both TAG content and dry weight in the former were higher when no phosphate was added, whereas phosphate addition increased both lipid production and growth for the latter [47]. More interestingly, C. gracilis was observed to achieve higher optical densities in PW than BS media. Furthermore, the dry weight of biomass for any given phosphate concentration was higher than that in the earlier studies. These results indicate that PW can outperform BS in growth and lipid production for C. gracilis. Although phosphate addition can increase both lipid and growth productivities, enough growth can be achieved without phosphate addition, if production costs are required to be kept marginal [47].



Generally, PW is a matter of great concern due to the presence of high amounts of NaCl [5]. Moreover, the salt content in PW can often influence the biofuel productivity of algae, be that either freshwater or marine. For example, Scenedesmus obliquus, a freshwater green alga, showed an increase in lipid content after the addition of excess NaCl to some extent [73], however, this was negatively influenced by a further increase in NaCl level [74,75]. Therefore, while it is crucial to understand how salt stress can impact the lipid productivity in PW, the hypersaline salinity levels—in general—enhance algal lipid yields for the transesterification to biodiesel [41]. For example, a very recent study that reported the halotolerance of C. aponinum and P. kessleri in PW, indicated that lipid production by these algae varies with salinity. Although it is well known that lipid content increases with nutrient depletion, the post-nutrient-depletion lipid enrichment was displayed at ≥60 g TDS L−1 PW. Although, lipid fractions were greater in higher salinity conditions, such as 75 and 90 g TDS L−1, polyculture’s tolerance for high growth, at or near 60 g TDS L−1, needs to be considered. Nevertheless, polyculture cultivation in a hypersaline PW based media with depleted nutrients can be an efficient approach to augment the lipid content. The polyculture exhibited the highest lipid content after phosphorus or nitrogen depletion of the 60 g TDS L−1 PW media. The authors stepped forward and found that P. kessleri has a greater capacity to tolerate and utilize ammonium and the ability to outcompete C. aponinum, which was inhibited by higher ammonium and phosphate levels between day two and day seven of the experiment. Although the authors hypothesized that the higher alkalinity (bicarbonate concentration) in PW could shift the balance between P. kessleri and C. aponinum, further investigations in terms of fuel conversion yields of such polyculture systems are needed [41]. Additionally, the study showed that lower initial concentrations of ammonium and phosphate resulted in the highest growth rates, and the lipid productivity could be maximized by ensuring the limitation of only one of these nutrients after peak biomass density is achieved.



In a similar study by the same group, lipid production by D. tertiolecta displayed a diverse pattern in various salinity conditions [60]. In the 30 and 60 g TDS L−1 experiments, early lipid concentration and lipid content was high, then decreased, again increased after day 15 as the culture reached the stationary phase and then continued until the end of the experiment where it reached a maximum value of 0.070 g L−1. In the 120 and 210 g TDS L−1 experiments, lipid concentration did not exhibit any early bump, rather, it increased at a somewhat constant rate until the culture entered stationary phase on day 17. Although nutrient starvation of alga has been reported for inducing lipid production, there has been a lack of published results testing the effect for D. tertiolecta at salinities higher than seawater (about 35 g TDS L−1) [60]. In their 30 and 60 TDS L−1 experiments, Hopkins et al. showed that the total lipid content decreased shortly after nutrient depletion but increased later until reaching a maximum concentration on day 21. On the other hand, in the 120 and 210 g TDS L−1 experiments, the lipid content of biomass exhibited an increase after nitrate depletion but then either decreased or leveled off after reaching the maximum biomass concentration around day 16. In this context, it is likely that maintaining nutrient concentrations in the media could yield higher lipid productivity by maximizing biomass growth. In a similar study, Calderón-Delgado observed a decrease in total phenols concentrations and total hydrocarbons in C. vulgaris exposed to 75% PW and 100% PW [61].




2.3. Bioremediation of PW Using Algae


Remediation of PW containing heavy metals poses a great challenge, mainly because of the costly treatment methods [76]. Algal-based bioremediation of the PW is regarded as a promising method in terms of both efficiency and capital/operational costs [46]. The bioremediation of heavy metals is achieved through the binding of the metals to the organic ligands present in algal biomass representing the adsorption capacity of the culture [77,78]. It is worth noting that the metal removal potential of algal cells is directly related to the biomass concentration. Therefore, higher absorption capacities could be achieved by increasing biomass concentration [79,80]. This is attributed to the fact that more algal cells reveal more free-binding sites to absorb more metal ions. Various types of binding groups on the cell surface, such as amino, carbohydrate, carboxyl, hydroxyl, phosphoryl, sulphuryl etc. determine the final metal ions biosorption capacity of the cell [81,82]. Nevertheless, the number of sites on the algal cells, the chemical state of these sites and the accessibility of binding groups for metal ions altogether act as determining factors for the ultimate volume of absorbed heavy metals [83].



Generally, the metal absorption capacity of algae can vary depending on both the species and the strains. In their comprehensive study, Godfrey who utilized PW as a medium to grow various microalgae including C. gracilis, A. coffeiformis, P. tricornutum and several other strains isolated from the Great Salt Lake, reported that all organisms successfully reduced the concentration of heavy metals such as Ba, Ca, Fe, Mn, Si etc. and other elements that are potentially more harmful to the environment such as As, P and Sr. In fact, the diatoms A. coffeaformis and C. gracilis absorbed more of these elements from PW than the other algal strains and their growth reduced the concentrations of Ca, Mn and P in the PW that thereby met the water quality standards in the state of Utah, USA. In a recent study, Al-Ghouti et al. used filtered PW from a natural gas field in Qatar to grow five different chlorophytes (Dictyosphaerium sp., Scenedesmus sp., Neochloris sp., Chlorella sp. and Monoraphidium sp.) and investigated their capabilities to remove heavy metals (Table 2) [11]. The group reported achieving 100% removal efficiency of Al, Fe and Zn. Among the species, Dictyosphaerium sp. had better growth than the others and was able to recover more elements. It is worth noting that previous research showed that Dictyosphaerium sp. can grow in metal-rich water [84,85].



In addition, the initial concentration of metal ions in the PW can determine the final biosorption ability of algae [46]. While metal biosorption can initially increase with increasing metal concentration up to a certain level, however, any further increase in the concentration may deteriorate the adsorption capacity [46,86]. Ranjbar et al. inoculated D. salina in sterile PW and measured concentrations of 10 metals (Al, Ba, Cr, Cu, Fe, Mg, Mn, Ni, Sr, Zn) in the culture medium. After 29 days of incubation, seven of these metals were found to be reduced by a significant percentage upon the growth of D. salina cells [39]. In addition, Talebi et al. used the same algae and was able to reduce more than 84% of the Ni ions (5–100 mg L−1) from the PW in only six hours [46]. However, increasing the concentration led to a decreased bioremediation capacity of D. salina, observed as the researchers doubled the concentration of the Ni ions from 100 mg L−1 to 200 mg L−1. The active cells of D. salina absorbed free ions vigorously using their free binding sites that saturated as the ion concentration increased. The same study reported that D. salina removed 78% and 91% of free Zn ions at 2 to 5 mg L−1, respectively, during the six-hour cultivation period. However, higher initial Zn concentrations such as 10 and 20 mg L−1 negatively affected the Zn removal capacity of the algal cells as Zn harmfully affected the photosynthetic apparatus [87,88].



Therefore, the PW loading is crucial to alleviate the negative effects of some toxic components present in PW and to facilitate the bioremediation process by microalgae. Moreover, it has been reported that many microalgae are capable of decomposing organic compounds in the PW at appropriate loading. For instance, Ammar et al. who cultivated marine microalgae N. oculata and I. galbana in 10%, 25%, and 50% PW loading, reported that both the species showed significant chemical oxygen demand (COD) and oil removal efficiencies [45]. However, the group observed differences in the removal efficiencies that were based on the type of microalgae species and PW loadings. Pre-adaptive N. oculata showed better oil removal in low PW loading (10% and 25%), whereas I. galbana showed better oil removal in 50% PW loading. In fact, N. oculata and I. galbana reduced 66.5% and 68% of the oil, respectively, in the 50% PW medium in 21 days. However, in 10% PW, N. oculata and I. galbana were able to reduce 89% and 82% of the oil, respectively. As for the COD removal, N. oculata and I. galbana, respectively, removed 54%–90% and 56%–83% of COD. As carbon and the nutrients decreased after increasing the PW loading, microalgae were forced to consume organic compounds in the PW as the sole carbon source, especially when the pre-adaptation method was incorporated. Therefore, the COD removal efficiency decreased with increasing PW loading. This is caused by the high salinity of the PW which evidently reduced the biodegradation ability of the microalgae [89]. Nevertheless, it has been clearly observed that salt-adapted microalgae can resist high salinity and degrade the pollutants that are present in PW.



In their US patent, Mendes et al. evaluated the behavior of microalgae in PW containing high concentrations of ammonia [62]. This Brazilian research group prepared high-ammonia PW by deliberately adding ammonia in PW in a concentration that was two orders of magnitude higher than that is permitted by the Brazilian law for discharge into the environment. They inoculated two different species of microalgae, Phormidium sp. and Cyanobium sp. separately in a final medium that contained 95% (by volume) high-ammonia PW and 5% H2 culture medium. The group carried out bioassays for seven days and reported bioassimilation that removed more than 110% of ammonia than that in the control sample which contained no algae. In a similar experiment the authors inoculated Cyanobium sp. in high-phosphate PW and reported an increase in chlorophyll concentration and a decrease in phosphate concentration that, respectively, indicated the growth of the microalgae and the uptake of phosphate. Therefore, these findings indicate the enormous potential of microalgae for technological applications of this nature.



Among the large-scale experiments, Das et al. grew Chlorella sp. in 1 L photobioreactor (PBR) to study the contaminant removal efficiencies and reported that after 15 days of growth Chlorella sp. could remove 73% of the total organic carbon (TOC) and 92% of the total nitrogen (TN) from the pre-treated PW [4]. The TN removal rate was low for the first three days as the microbial nitrogen requirement in the lag phase was low. In contrast, the rate was higher for the next eight days until Chlorella sp. reached the stationary phase. Since the pre-treated PW was not sterilized before inoculating Chlorella sp., the degradation of the organics could have occurred by bacteria and made the nitrogen compounds available for microalgal consumption. Overall, Chlorella sp. and/or the consortium achieved a very high nitrogen removal efficiency. Nevertheless, since PW lacks N and P in most of the cases, Das et al. suggest adding these elements, as required, for maintaining high biomass density and consequently, a more efficient bioremediation process [4].



In addition to microalgae, aerobic bacteria can detoxify PW [90]. Therefore, microalgae-bacterium consortium can be considered as a viable treatment option when it comes to bioremediation. However, higher biomass density of microalgae-bacterium consortium is required for efficient detoxification [4]. In this context, Das et al. showed a symbiotic relationship between Chlorella sp. and aerobic bacteria that could have developed in the PW. The consortium successfully reduced the contaminants in addition to detoxifying the PW. As discussed previously in the current review, Eldorado Biofuels is growing a mix of freshwater algae (Scenedesmus and Tetracystis) referred to as Jalgae™, in a 10%–50% PW solution mixed with freshwater [32]. As such, a symbiotic relationship can reduce the cost of both the acquisition and disposal of PW.




2.4. Post-Processing of Algae and PW


It is evident that combining the algal-based treatment of PW for heavy metal and nutrients removal with biofuel and/or biomass production is a promising platform with great economic aspects [91]. However, biofuel and biomass should be considered as by-products and not as mainstream products. Therefore, both need to undergo post-processing for further utilization. Thus, the selection of the downstream processes can greatly influence the energy requirements, operating costs, economic viability, and efficiency of algal-based treatment systems [92].



In this context, Brasil et al. proposed a PW treatment facility with combined microalgae cultivation and processing to allow the opportunity for process integration with a reduction in logistics costs [3]. After cultivation, the algal biomass can be harvested and converted into biofuels and bioproducts. However, the actual scenario for microalgae biorefineries integration to the biofuels and petrochemical industries can pose some major challenges. Harvesting itself is generally a multi-stage process that is responsible for up to 30% of the total production costs [3]. It generally involves one or more steps of solid-liquid phase separation, such as flocculation, filtration, flotation, settling and/or centrifugation [93]. Although, centrifuges are a proven technology that have been used as a means for harvesting algae for many years, the high energy requirements and the costs to centrifuge large amounts of water reduce the economic viability of this process [92]. Therefore, low-cost harvesting techniques with high processivity is recommended to dewater algal biomass before biomass conversion and/or lipid extraction. Harvesting methods based on the use of chemical flocculants and dissolved air flotation are low-cost options that have been successfully applied either to wastewater treatment or to cultured microalgae [94,95]. Especially promising are methods based on the use of non-toxic flocculants such as mixed calcium and magnesium hydroxides [96]. In terms of cost-effectiveness, methods based on membrane filtration, ultrasound, and electrocoagulation harvesting are considered to have high potential. In fact, electrocoagulation is already an established technology with existing applications to remove charged ionic contaminants from wastewater [92,97]. Optimistically, recent advances in microalgae large-scale production can provide technologies necessary to integrate such low-cost methods in the current PW treatment system.



The harvested algal biomass can be converted into fuel through various techniques such as anaerobic digestion [98], bioethanol fermentation [99], transesterification [100], pyrolysis [101], and hydrothermal liquefaction [102]. However, the conversion of whole wet algal biomass into oil through hydrothermal liquefaction and catalytic hydrothermal gasification (HTL–CHG) might be the most cost-effective downstream processing route, as reported by several studies in recent times [92,103,104]. For example, Richardson and coworkers reported 69% higher revenues generated using HTL–CHG than that of using wet solvent extraction [92]. Moreover, the combination of electrocoagulation harvesting and HTL–CHG has been reported to lead to a 90% lower lipid total cost compared to centrifugation followed by wet solvent extraction [92,103].



In addition to the traditional harvesting and conversion techniques, the development of novel methods based on experimental outcomes can often lead to cost-effective post-processing. For example, a recent study by Wood et al. showed that the purity of phycocyanin (measured spectrophotometrically as the ratio of absorbance values at 620 nm and 280 nm) increased as the cellular phycocyanin content increased when they inoculated LLC2 cyanobacteria in a RABR growth platform that utilized PW as a growth medium [65]. Additionally, phycocyanin accumulated in the cyanobacterial biofilms reached the maximum value during the stationary period of the LLC2’s growth. Therefore, harvesting the biofilm produced in RABR during the stationary period can lead to a lower downstream phycocyanin purification processing cost. In a similar study, Godfrey reported that the combined production of phycocyanobilin and biodiesel using cyanobacteria Synechocystis sp. could be highly commercially feasible owing to the extreme availability of the PW [47]. Moreover, since the phycocyanobilin extraction utilizes water solvents and biodiesel extraction utilizes organic solvents, the two extraction processes can be performed on the same biomass material.



Generally, the higher the biomass concentration in the PW, the lower will be the cost of biomass harvesting [105]. However, since N and P are often supplemented in PW there may be additional cost to this [4]. Hence, recovering a fraction of the biomass bound N and P as byproducts and adding in the subsequent batch of the process can optimize the cost [106]. An additional step is separating the contaminated biomass from the purified PW by separation processes, such as floatation after the algae have concentrated metal compounds [62]. Thus, supplementing the PW with N and P can improve the overall process economics. Alternatively, the biomass residues can be used instead of fertilizer and digested for biogas, which can be used as a CO2 and energy source [107]. As for large-scale development, the usability of algae residues on site should be taken into consideration to determine the economic viability of a PW based algal pond [49].



In addition, the commercialization of the PW based algal cultivation system must address the downstream processing of saline water disposal [47]. Although some marine microalgal species such as N. oculata and I. galbana have an excellent ability to endure extreme conditions such as salinity, the bioremediation of PW using microalgae should not be considered realistic until efforts to remove salinity are made, as commented recently by Godfrey [47]. The author reported that the TDS, sodium, and chlorine concentrations were hardly affected by microalgal growth and remained above the water quality standards. It is the high salinity of PW that brings the TDS orders of magnitude higher than permitted at any location, and microalgae have no promise to uptake large amounts of salt. Additionally, while microalgae successfully removed nutrients like N and P, and reduced Ca and Mn to below acceptable concentration ranges, most other elements were in an acceptable range prior to the cultivation [47]. Therefore, the disposal of saline water should be taken seriously in the post-processing phase.





3. The Large-Scale Development of Algae-Based PW System


3.1. Factors Affecting the Large-Scale Development


The use of ponds to cultivate algae for large-scale production of biofuels and biomass is not a new idea, but the use of PW in algal ponds has hardly been studied. Among the few large-scale studies, Graham et al. reported some key factors that are relevant to algae cultivation using PW in ponds [40]. The factors include dry climate, availability of large and inexpensive areas, and solar irradiance. These factors can be considered major and are presented in Figure 3. There have been some studies that considered these factors hence can provide further insight. For example, Winckelmann et al. reported the growth of indigenous algae in open ponds in an arid region of southwestern United States where freshwater sources are scarce. It is worth mentioning that the use of PW can offset the demand for freshwater in algae cultivation. In this context, marine algae species such as Nannochloropsis sp. can be exploited to treat PW in addition to biofuel production [32,50]. Neal et al. reported a 44.38% cost saving by using nutrients present in the PW over fresh water to mix the f/2-Si media. However, there are some challenges associated with open outdoor ponds, especially regarding solar irradiance.



In addition to the factors discussed above, it is also critical to ensure the availability of PW for large-scale development of PW-based algal ponds. Therefore, regions that generate large quantities of PW should be considered [60]. For example, the Permian Basin of southeast New Mexico can be a feasible option. Especially, the utilization of PW in these areas for algae production would not conflict with scarce freshwater for agricultural and municipal use. The average TDS of PW in the Permian Basin is 154–225 g TDS L−1 [108]. Since the salinity of algae media used in outdoor cultivation would increase through evaporation, therefore, halotolerant species that can thrive in such a challenging environment would be ideal to efficiently utilize residual nutrients [109]. Typically, evaporation is the primary way of losing water in algae cultivation while the secondary losses occur during harvesting, as water is removed with the algae and media [110,111]. Therefore, dilution of saline media with less saline brackish sources can be done to maintain correct media salinity levels under the correct conditions. PW in several basins also contains dissolved inorganic carbon, mostly in the form of bicarbonate, at levels higher than seawater. The salinity of PW worldwide differs from near fresh (1000 mg TDS L−1) to highly saline (>200,000 mg TDS L−1) depending on the source formation and region [40]. Salinities near seawater concentrations or lower are the best for algae growth. However, PW volume and location data are needed to evaluate the feasibility of where algae cultivation could be co-located [40]. This may lead to higher biomass productivity, which can be more pronounced in hypersaline conditions where inorganic carbon is less available than in PW-based media [60]. Moreover, it has been reported that algal species such as D. tertiolecta increased lipid productivity when cultivated using 100% CO2 along with NaOH [112]. Therefore, a bicarbonate-rich medium can increase biomass productivity and biofuel production in hypersaline PW which would improve the overall economics of PW-based algae cultivation systems. However, any bicarbonate induced lipid enrichment is unlikely to occur under nutrient-depleted conditions. Hence, increasing carbon availability (through carbon dioxide aeration or bicarbonate addition while maintaining a seawater pH) can be a better strategy than nutrient starvation to increase lipid productivity in D. tertiolecta using PW. In addition, further research needs to be conducted with other halophiles under Dunaliella genus such as D. salina that are proposed to capture inorganic carbon at high ionic strength.



In a similar context, some other potential areas in the United States include the southeastern portion of New Mexico and parts of west Texas (Permian Basin), where solar irradiance and land are available and where freshwater availability is low [40]. In addition, the availability of PW in all these regions is high since oil and gas extraction is done both by conventional and unconventional extraction methods. On the other hand, northeastern New Mexico and southwestern Colorado have higher elevations and less availability of flat land for cultivation. However, lack of oil and gas production in the west of the Permian Basin region requires additional facility to avail PW for algae production in South–central New Mexico. Therefore, pipelines can be used to transfer PW from the Permian Basin to these areas for large facilities, whereas truck transportation can be a viable option for smaller facilities [40]. Iran, for instance, among other oil-producing countries, generates a huge amount of PW. This west Asian country has a long coastline and numerous sunny days. A recent study estimated that by using the available technology/experts on algal-based PW treatment, the country can produce 794.75 × 103 tons of biodiesel monthly that could meet ~26.5% of its diesel demand [46].




3.2. Challenges and Future Prospectives


The productivity of large-scale platforms such as ponds can often be challenged by non-axenic culture conditions. For example, Winckelmann et al. reported weed algae contamination as they grew Scenedesmus sp. MKB in PW in their open pond system [49]. In addition, the physiological stress caused by the compounds present in PW hinders the biomass production [42]. Factors such as the presence of toxic metals, excessive nutrients, and other organic compounds contribute to this hindrance. Generally, microorganisms such as algae have passed through a process of natural selection and are naturally adapted to the hostile environment offered by PW [62]. However, physiological adjustments are often necessary for a strain of alga to adapt to new growing conditions as the characteristics of PW vary.



For example, Mendes et al. reported the growth of genera Phormidium sp. and Cyanobium sp. in PW which surprisingly had comparable growth to those obtained in a conventional culture medium, indicating that they had fully adapted to the medium [62]. Therefore, successive transfers of algae in the PW, and several generations after the initial inoculums can lead to efficient acclimatization of the algal cells [113]. One of the most comprehensive studies to date was done as a thesis by Godfrey, who utilized PW as a medium to grow various microalgae including C. gracilis, A. coffeiformis, P. tricornutum, and several other strains isolated from Great Salt Lake (Table 2). N and P were supplemented in the PW media along with CO2 bubbling. The C. gracilis strain, initially tested in shaker flasks and tube cultures, was later scaled-up to 5 L indoor and 50 L outdoor bag reactors [47]. In each case, algae growth and biofuel production using PW media were reported to be equal to, or higher than, laboratory media. Additionally, C. gracilis was cultivated in a 220 L raceway. Although the biomass productivity was lower than that in closed tube systems, but is quite satisfactory for an open raceway that lacks sterility, as opposed to the laboratory. Godfrey, therefore, concluded that algal growth could indeed be done in larger-scale systems using PW [47].



Although the sterility is compromised in open pond systems, the high salinity, free ammonia, and pH of PW would be highly advantageous in lowering predatory organisms such as rotifers in outdoor ponds and would allow algae to thrive in ammonium-rich PW [60]. For instance, PW with high ammonium and phosphate has been reported to lead to conditions that favored the development of large-scale production of biofuels using oleaginous algal species such as P. Kessleri [41]. Additionally, some microalgae can develop strategies to control and prevent pollution in the unsterile condition. For instance, N. oculata and I. galbana have been reported to follow such a strategy known as allelopathy where they release biochemicals, known as allelopathic compounds, that have a toxic effect on other organisms such as the anaerobic bacteria [114]. Non-axenic harsh conditions, such as high salinity and low nutrients or unbalanced N:P, help their growth especially in the absence of other microorganisms. This fact has a close connection with competition for limiting nutrient resources, as reported by Graneli [115]. Therefore, further understanding of this strategy can be an interesting and promising way to develop algae-based PW systems [116].



In the light of current discussion, Table 3 presents an exclusive list of algal species that are tolerant of a relatively-wide range of salinity. Although these species have been extensively reported to thrive in brackish, saline and hypersaline conditions, most of them are not yet explored in the context of PW systems. These species belong to various phyla including Bacillariophyta, Cyanobacteria, Euglenozoa, Haptophyta, Heterokonta and Ochrophyta, however, most of them are primarily associated with marine habitats and many of them are known as halophiles. Therefore, they are high-potential candidates for being deployed in PW of various salinity ranges.



In the context of the large-scale production of biofuels there are some financial challenges due to the high cost of nutrients such as N and P, used in culture media, that are essential to produce algal biomass [3]. A couple of Brazilian companies, named Petrobras and Embrapa, are leading programs to characterize and domesticate productive native algal strains. While Petrobras primarily focuses on biodiesel production using marine microalgae, Embrapa aims at characterizing continental microalgae and establishing a long-term research program for bioproducts and biofuel production. Since 2012, Petrobras has been making investments focused on microalgal-based treatment of PW and CO2 emissions capture with its pre-commercial oil exploration operations in the northeastern coastal region of Brazil [3].



In a recent study, Winckelmann et al. cultivated indigenous isolate Scenedesmus sp. MKB in open ponds (4 m long, 0.8 m wide, and 0.38 m deep) on non-arable land in the Al-Wusta region of the Sultanate of Oman [49]. Although evaporated water was replaced with fresh treated PW, the changes in salinity from this process were not reported. Therefore, the concerns regarding salt stress due to evaporation remained unwarranted [40,49]. The group used pre-cleaned PW as a growth medium and conducted experiments in 600 L volume. Although Scenedesmus sp. successfully grew in PW ponds, the authors declared that an economic feasibility was not possible. However, they indicated that the nutrient costs, nutrient recycling, the usability of algae residues on-site, the work hours etc., need to be considered to determine the economic viability. Nevertheless, the study revealed that effective salt management could be achieved from fresh treated and even saline PW used as media makeup, even at the highest evaporation rates, for halotolerant algae.



Several researchers including Park and coworkers recently reported that coupled microalgae cultivation and wastewater bioremediation could (i) eliminate the cost of nutrient and freshwater implementation; (ii) minimize unit cost energy by 20%–25%; (iii) meet capital costs, operation and maintenance costs [144,145,146]. Additionally, a symbiotic relationship between algae can also help reduce the cost of both the acquisition and disposal of PW.



Although the algae-integrated biorefineries are promising, the economic viability of large-scale algal biomass cultivation is yet to be achieved. To date, the costs for microalgae biofuel production are still at least two-fold higher than its fossil-based counterparts [3]. Moreover, low-value products such as bulk chemicals and biomaterials have not yet achieved economic viability. Therefore, continued improvements in the areas of algal cultivation, harvesting and processing are needed. In addition, the feasibility of using PW as a potential source of cultivation media should be evaluated with regards to the current biorefinery combinations, environmental risks, and resources management. Moreover, region-specific studies need to be conducted to evaluate the effects of different climatic conditions.





4. Conclusions


Treated PW can mitigate the scarcity of water and can enhance oil and gas recovery from oil and gas fields. The algal approach can remediate PW of its toxic contaminants and provide biofuels, nutrients supplements, and bioactive compounds upon further processing. Moreover, PW offers some key advantages to water availability and culture optimization. In light of these facts, the present review has extensively described the potential of cultivating algae using PW as a replacement for micronutrients and freshwater. Although the available studies show that salinity and nutrients in PW support algal growth, pre-treatment and dilution of PW as well as the addition of nutrients are often required. These critical steps, as discussed in detail in the current study, are crucial to promote the cultivation of algae in PW. Additionally, our work emphasizes the cultivation of halotolerant and marine algal species in PW systems. Nevertheless, there is much to discover and investigate in order to address some significant challenges, such as the upstream and downstream processing of both algae and PW. For example, additional studies should be conducted to examine the performance of pre-adapted algae in PW in terms of fatty acid profile, lipid production, and biomass generation. Since such studies are clearly important, a conclusive statement on the feasibility of a large-scale algal-based PW treatment is not possible at this stage. Nevertheless, we conclude that algae have the potential to be involved in the biological segment of PW treatment and, therefore, demand further research. The successful development of this promising field would not only offer PW disposal for oil and gas operators, but also create a considerable opportunity for algae growers to save about half of the fertilizer costs.
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Figure 1. Exploration of algae in algae-based PW systems (data until July 2020) (a) number of algal species explored per phylum; (b) breakdown of freshwater, marine and freshwater/marine strains. 
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Figure 2. Major steps to promote the cultivation of algae in PW. 
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Figure 3. The major factors that affect the large-scale development of algal-based PW system. 
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Table 1. A comprehensive list of produced water (PW) parameters with typical range.
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Parameter Group

	
Parameter

	
Unit

	
Typical Range

	
Ref






	
General water quality

	
pH

	
S.U.

	
6.0–8.5

	
[39,40,43,44,45]




	
Density

	
Kg/m3

	
~1021

	
[45]




	
Salinity

	
mg/L NaCl

	
52,700–633,000

	
[39]




	
Electrical conductivity (EC)

	
mS/cm

	
30–600

	
[39,40,43,45]




	
Turbidity

	
NTU

	
~206

	
[45]




	
Total suspended solids (TSS)

	
mg L−1

	
20–254

	
[39,45,46]




	
Total dissolved solids (TDS)

	
mg L−1

	
2650–138,500

	
[39,40,44,45,46]




	
Suspended solids (SS)

	
mg L−1

	
~550

	
[44]




	
Oil and grease

	
mg L−1

	
73–540

	
[44]




	
Dissolved organic carbon (DOC)

	
mg L−1

	
270–470

	
[43]




	
Total organic carbon (TOC)

	
mg L−1

	
55–63

	
[39,44,46]




	
Total nitrogen (TN)

	
mg L−1

	
30–34

	
[43]




	
Total phosphorus (TP)

	
mg L−1

	
0.08–0.2

	
[44,46]




	
Biological oxygen demand (BOD5)

	
mg L−1

	
5–86

	
[44,45]




	
Chemical oxygen demand (COD)

	
mg L−1

	
177–1300

	
[39,44]




	
Sodium Adsorption ratio (SAR)

	
mg L−1

	
~182

	
[46]




	
Polyatomic ions/radicals

	
Ammonium (NH4+)

	
mg L−1

	
8–20

	
[40,44,46]




	
Bicarbonate (HCO3−)

	
mg L−1

	
71–263

	
[44,45]




	
Nitrate

	
mg L−1

	
~622

	
[43,46]




	
Nitrite

	
mg L−1

	
8.2–9.2

	
[43]




	
Phosphate (PO4)

	
mg L−1

	
2–300

	
[39,46]




	
Halides

	
Fluorine

	
mg L−1

	
0.3–204

	
[40]




	
Bromide

	
mg L−1

	
126–134

	
[43]




	
Chloride

	
mg L−1

	
750–11,500

	
[40,43,44,45,46]




	
Iodide

	
mg L−1

	
46–48

	
[43]




	
Cations

	
Aluminium

	
mg L−1

	
0.01–1.5

	
[39,40]




	
Barium

	
mg L−1

	
0.1–172

	
[39,40]




	
Boron

	
mg L−1

	
5–11

	
[40]




	
Calcium

	
mg L−1

	
4–7800

	
[39,40,43,44,46]




	
Iron

	
mg L−1

	
0.1–40

	
[39,40,43,45,46]




	
Lithium

	
mg L−1

	
0.1–507

	
[39,40,46]




	
Magnesium

	
mg L−1

	
2–700

	
[39,40,43,45,46]




	
Manganese

	
mg L−1

	
0.1–5.8

	
[39,40,43,45]




	
Potassium

	
mg L−1

	
170–390

	
[39,44,46]




	
Sodium

	
mg L−1

	
850–20,000

	
[39,43,46]




	
Heavy metals

	
Chromium

	
mg L−1

	
0.1–0.2

	
[39,45]




	
Copper

	
mg L−1

	
0.06–4.2

	
[39,40]




	
Lead

	
mg L−1

	
~0.03

	
[39]




	
Nickel

	
mg L−1

	
0.06–0.2

	
[39,45]




	
Strontium

	
mg L−1

	
360–470

	
[39]




	
Zinc

	
mg L−1

	
0.003–1

	
[39,40,45]
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Table 2. Algae deployed in PW.
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Phylum

	
Name

	
Type of Algae

	
Assessment

	
PW Loading

	
Medium

	
Cultivation Type

	
Potential

for Bioremediation

	
Ref




	
Biomass Productivity

	
Bioremediation Potential






	
Chlorophyta

	
Chlamydomonas reinhardtii

	
freshwater

	
✓

	

	
0%, 20%, 40%, 60%, 80%, 100%

	
TAP

	

	

	
[50]




	
Chlorella sp.

	
freshwater

	
✓

	
✓

	
0%, 25%, 50%, 100% PW loading [61]

	
H2 medium [62], BG-11 [4], f/2 [61], Broad seawater medium [47]

	
1 L Photobioreactor (PBR), 450 mL Tube reactors [48]

	
TOC, TN, Al, Zn, Fe

	
[4,11,47,61,62,63]




	
Dictyosphaerium sp.

	
freshwater/marine

	
✓

	
✓

	
50%, 60%, 75%, 100%

	

	

	
Al, Zn, Fe

	
[11,63]




	
Dunaliella salina

	
marine

	
✓

	
✓

	

	
artificial seawater [39], Seawater [46]

	
125 mL conical flask

	
Zn, Ni

	
[39,46]




	
Dunaliella tertiolecta

	
marine

	
✓

	

	

	
f/2

	

	

	
[60]




	
Monoraphidium sp.

	
freshwater

	
✓

	
✓

	
50%, 60%, 75%,100% [63]

	
H2 medium [62], BG-11 [4]

	

	
Al, Zn, Fe

	
[4,11,62,63]




	
Neochloris oleoabundans

	
freshwater/marine

	
✓

	

	

	
Broad seawater medium [47]

	
450 mL Tube reactors

	
Al, Zn, Fe

	
[11,47]




	
Parachlorella kessleri

	
freshwater

	
✓

	

	

	
f/2

	

	

	
[41]




	
Picochlorum sp.

	
marine

	
✓

	

	

	
f/2

	

	

	
[4]




	
Pseudokirchneriella subcapitata

	
freshwater

	
✓

	

	

	

	

	

	
[64]




	
Scenedesmus sp.

	
freshwater

	
✓

	
✓

	
50%, 60%, 75%,

100% [63]

	
Wuxal (W), BG-11 [4]

	
Open pond-600 L [49]

	
Al, Zn, Fe

	
[4,11,49,63]




	
Scenedesmus rotundus

	
freshwater

	
✓

	

	

	

	

	

	
[51]




	
Tetracystis sp.

	
freshwater

	
✓

	

	

	

	

	

	
[32]




	

	
Tetraselmis sp.

	
marine

	

	
✓

	

	
f/2

	

	

	
[4]




	
Ochrophyta

	
Amphora coffeaformis

	
freshwater/marine

	
✓

	
✓

	

	
H2 medium [62], Broad seawater medium [47]

	
450 mL Tube reactors [48]

	
Ba, Ca, Fe, Si, Mn

	
[47,62]




	
Chaetoceros gracilis

	
marine

	
✓

	

	

	
Broad seawater medium [47]

	
450 mL Tube reactors

	
Ba, Ca, Fe, Si, Mn

	
[47]




	
Chaetoceros muelleri

	
marine

	
✓

	

	

	
Broad seawater medium [47]

	
450 mL Tube reactors

	

	
[47]




	
Nannochloropsis oculata

	
marine

	
✓

	
✓

	
10–50% [45], 0%, 50%, 100% [42]

	
BG11 [45], f/2 [42]

	

	
Chemical oxygen demand (COD) and Oil content

	
[42,45]




	
Nannochloropsis salina

	
freshwater/marine

	
✓

	

	

	
f/2-Si (minus silica)

	

	

	
[32]




	
Phaeodactylum tricornutum

	
freshwater/marine

	
✓

	

	

	
Broad seawater medium [47]

	
450 mL Tube reactors

	
Ba, Ca, Fe, Si, Mn

	
[47]




	
Cyanobacteria

	
Cyanobacterium aponinum

	
freshwater/marine

	
✓

	

	

	
f/2

	

	

	
[41]




	
Cyanobium sp.

	
freshwater

	
✓

	
✓

	

	
H2 medium

	

	
phosphate

	
[62]




	
Logan Lagoons Cyanobacteria 2 (LLC2)

	
freshwater/marine

	
✓

	

	

	

	

	

	
[65]




	
Lyptolyngbya sp.

	
marine

	

	
✓

	

	
f/2

	

	

	
[4]




	
Phormidium sp.

	
freshwater

	
✓

	
✓

	

	
H2 medium

	

	
ammonia, phosphate

	
[62]




	
Pseudoanabaena sp.

	
freshwater

	

	
✓

	

	
H2 medium

	

	

	
[62]




	
Synechocystis sp. PCC 6803

	
freshwater

	
✓

	

	

	
Broad seawater medium [47]

	
450 mL Tube reactors

	

	
[47]




	
Synechococcus elongatus

	
freshwater

	
✓

	

	
0%, 20%, 40%, 60%, 80%, 100%

	
Broad seawater medium [47]

	
450 mL Tube reactors

	

	
[47]




	
Haptophyta

	
Isochrysis galbana

	
marine

	
✓

	
✓

	
0%, 25%, 50%, 100% PW loading [61]

	
BG-11

	

	
COD and Oil content

	
[45]
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Table 3. A list of algal species that can thrive in wide range of salinity (salinity presented in per mille (‰) unit).
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	Species (In Alphabetical Order)
	Phylum
	Salinity Range (‰)
	Ref





	Aphanothece sp.
	Cyanobacteria
	0–175
	[117,118]



	Asteroplanus karianus
	Bacillariophyta
	10–35
	[119,120]



	Chaetoceros sp. (e.g., Chaetoceros didymus, Chaetoceros elmorei)
	Bacillariophyta
	10–35
	[119,121,122]



	Cyanobacterium aponinum
	Cyanobacteria
	15–60
	[41]



	Cyclotella sp. (e.g., Cyclotella cryptica, Cyclotella marina, Cyclotella quillensis)
	Bacillariophyta
	3–90
	[123,124,125]



	Cymbella pusilla
	Bacillariophyta
	3–200
	[122,126]



	Ditylum brightwellii
	Heterokonta
	10–35
	[119,127]



	Dunaliella sp. (e.g., Dunaliella tertiolecta, Dunaliella salina)
	Chlorophyta
	5–360
	[39,60]



	Eutreptiella gymnestica
	Euglenozoa
	5–30
	[128,129,130]



	Nannochloropsis sp. (e.g., Nannochloropsis oculata)
	Ochrophyta
	40
	[42,57,60]



	Nitzschia longissima
	Bacillariophyta
	10–35
	[119,131]



	Oltmannsiellopsis viridis
	Chlorophyta
	5–30
	[128]



	Parachlorella kessleri
	Chlorophyta
	15–60
	[41]



	Picochlorum sp. (e.g., Picochlorum oklahomensis)
	Chlorophyta
	35–150
	[132,133,134,135]



	Picocystis salinarum
	Chlorophyta
	15–300
	[136,137,138]



	Prymnesium parvum
	Haptophyta
	3–30
	[128,139,140]



	Skeletonema sp. (e.g., Skeletonema costatum, Skeletonema subsalsum)
	Bacillariophyta
	0–35
	[119,141]



	Thalassionema nitzschioides
	Bacillariophyta
	10–35
	[119,142,143]
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