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Abstract
Safe and accepted limits for nitrates in drinking water are exceeded in around one-third of the groundwater bodies in Europe. Whilst anion exchange (AEX) is an effective technology to strip nitrates, the regeneration of AEX resins using saturated sodium chloride (brine) results in a significant quantity of nitrate-rich saline waste, which is currently disposed of at a substantial cost to the water industry. The aim of this research was to evaluate the viability of using AEX brine wash as a nutrient source to support microalgal growth. Experiments were carried out at laboratory and pilot scales to test which algal species were able to grow on brine wash, to determine the optimal nitrate concentration within modified growth media, and to identify whether the origin of the brine wash affected the nitrate uptake potential. In small scale laboratory experiments, five marine algal species were able to grow in modified f/2 growth media containing nitrate sourced from the brine wash. Further experiments showed that three species could grow on the modified media at nitrate concentrations from 5 – 274 mg L-1. P. tricornutum could remediate up to 6.5 mg nitrate in 50 mL cultures in laboratory scale experiments, up to 570 mg at 10 L scale and 1700 mg at 100 L scale. We found that the origin of the brine wash did not significantly affect the growth of the cultures or the amount of nitrate removal from the modified media. The algal biomass could be used effectively in biogas production in small-scale trials, although with less than 10% the yield from P. tricornutum biomass from standard f/2 medium. Our results suggest that it may be possible to derive value from brine wash as a sustainable source of nitrate for the growth of microalgae in bulk after optimisation.
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1. Introduction
An important source of drinking water throughout Europe is from groundwater. For example, in the UK and Scandinavia, groundwater provides up to two-thirds of the drinking water, whereas Lithuania and Austria are almost entirely dependent on groundwater (Flem et al., 2015). However, nitrate (NO3-) contamination of groundwater is common, particularly in Central and Western Europe, most likely due to the use of fertilisers in the intensive farming of arable lands (Banks et al., 2015; Rivett et al., 2007; Stuart et al., 2007). As a consequence approximately 60% of all groundwater sources exceeded the EU limit (50 mg L-1) in 2015 ( European Environment Agency, 2003; Eurostat 2017, World Health Organisation, 2016) and similarly in the U.S.A. 22% of domestic groundwater wells exceed local nitrate limits (Ward et al., 2005).  To meet safe drinking water standards, excess nitrate must be diluted or removed from groundwater before it is fed into the drinking water supply such as anion exchange (Kapoor and Viraraghavan 1997). However, the anion exchange process yields a hyper-saline (~52 g NaCl L-1), nitrate-rich (~4 – 20 g nitrate L-1) wash that must be disposed of safely (Jenson et al. 2012; Samatya et al., 2006). 

Due to the substantial cost and environmental impact of these methods (Bergquist et al., 2016; Schlarb-Ridley and Parker, 2013), much research has been carried out into alternative approaches for the treatment and subsequent use of the used anion exchange resin (Choe et al., 2015; Meng et al. 2014; Prüsse et al., 2000). One approach would be to use the brine wash as a nutrient source for microbial growth, such as photosynthetic microalgae (Greenwell et al., 2010; Pittman et al. 2011; Taziki et al. 2015; Jämsä et al. 2017). The microalgae cannot yet be used to desalinate or reduce the volume of the brine wash, but they could be used to remove nitrate effectively. Additionally, the algal biomass can be further valorised, for example for the production of biogas via anaerobic digestion (Abdel-Raouf et al., 2012, Gerado et al. 2015, Van Den Hende et al. 2014), or be used for higher value applications such as fertiliser, animal feed or source of natural products (Perez Lopez et al., 2014; Slade and Bauen, 2013; Kazamia and Smith, 2014).

In this study, we investigated the potential of microalgae to grow on nitrate sourced from brine wash from an industrial anion exchange system from a local water company, Cambridge Water Ltd, UK. A number of marine algal species were tested for their ability to grow on liquid growth media with the brine wash as the sole source of nitrate. Experiments were carried out at both laboratory and pilot scale, to establish the optimal concentration of brine wash for biomass production, the effectiveness of nitrate remediation, and whether the origin of the brine wash affected the nitrate uptake potential. Finally, we investigated the biogas potential of algal biomass to quantitatively evaluate the conversion of chemical energy, from CO2 fixation via photosynthesis, to useful energy such as methane.

2. Materials and Methods

2.1. Brine wash
Material for the study was provided by Cambridge Water Ltd. who produce approximately 5.69 m3 day-1 of nitrate-rich brine wash using an IONEX counter-current ion exchanger system (Puritech, Belgium). Samples (5 – 10 L) of crude brine wash were collected from two Cambridge Water Ltd. treatment plants for borehole drinking water (FDWTW and BABWTW site codes, Cambridgeshire, UK) during 2013 – 2016. The nitrate concentration of the brine wash was measured for each batch, and found to range from 5 to 42 g L-1 brine wash (the nitrate concentration is dependent on when the brine was taken during the wash cycle). A detailed analysis of one batch of brine wash was undertaken by Cambridge Water Ltd., and was found to contain, in addition to the nitrate (42 g L-1 as NO3--N), 52 g L-1 chloride, 44 g L-1, sodium, 0.29 g L-1, phosphate (PO4-P), 1.8 g L-1 sulphate, 148 mg C L-1 total organic carbon, pH 7.64.

2.2. Algal species selection and growth conditions
[bookmark: _Hlk496096062]Five marine algal species were selected for use in the study: Nannochloropsis oceanica (CCAP 211/46), Phaeodactylum tricornutum (UTEX 646), Tetraselmis suecica (CCAP 66/22), Isochrysis galbana (CCAP 927/14), and Pavlova lutheri (CCAP 931/1, now referred to as Diachromena lutheri). Marine species were selected over freshwater species as they are better adapted to deal with the elevated salinities that could potentially arise from the use of brine wash in growth media. All cultures were grown on sterile f/2 medium (Guillard 1975) (details of the growth media can be found at www.ccap.ac.uk). For brine tolerance, growth and nitrate removal experiments, both standard and modified f/2 recipes were used as the basis for media formulations, without above ambient CO2 supplementation. For the modified medium, sodium nitrate was excluded and replaced with a volume of crude brine wash to provide a range of nitrate concentrations, including the equivalent of standard growth media (f/2 media = 55 mg L-1). All other components, apart from salinity remained the same as in standard growth media (Table 1 and 2).  The growth media, with their nitrate sources substituted with brine wash, are hereafter referred to as “modified f/2”. Experiments carried out at the laboratory scale used modified media with nitrate sourced from the BABWTW borehole site. Algae were grown in either 6 x 10 mL well Corning® Costar® plates or 50 mL plastic Nunc Easyflasks (Thermo Scientific) using a 1:10 culture:media ratio. All laboratory experiments were conducted in INFORS HT Multitron closed incubation shakers (Infors, Basel, Switzerland) maintained at 20 °C, 100 rpm, with 150 µmol m-2 s-1 illumination (12/12 hour light/dark cycle). Experiments at the pilot scale (10 to 100 L) were conducted in the University of Cambridge Algal Innovation Centre housed at the Cambridge University Botanic Gardens, UK using nitrate sourced from either the FDWTW or BABWTW borehole sites. Algae were grown in either 10 L vertical bubble column bioreactors (Anaero Technologies, Cambridge, UK) during August and September 2015 or in a 100 L horizontal bioreactor (designed and assembled by Steve Skill, co-author) during February 2016.

2.3. Growth measurements
Algal growth was measured by optical density (OD) at 600 nm (Thermo Spectronic UV1, Thermo Fisher, Hemel Hempstead, UK) and by cell counts using a Coulter particle counter (Beckman Coulter Z2 coulter particle count and size analyser). Algal dry cell weight was obtained by gravity filtration of a known volume (50 mL) of culture through a pre-dried, pre-weighed GF/C filter (Whatman GF/C, 47 mm), followed by rinsing twice with 0.65 M ammonium formate (99 %, Acros Organics) to remove media salts whilst also preventing cell lysis due to osmotic shock. Filters were then dried at 80 °C for at least 48 hours prior to re-weighing.

Determination of nitrate and phosphate (as orthophosphate, PO43-) concentration was performed colorimetrically using a Hach Lange DR 3900 spectrophotometer with the appropriate test kits (Nitrate Kit LCK 339, range 1 to 60 mg nitrate L-1; Phosphate Kit LCK 349, range 0.15 to 4.5 mg phosphate L-1, Hach Lange, Manchester, UK). Algal cultures and brine wash were filtered through 0.45 µm syringe filters and the resulting filtrate was used for the analysis. For experiments where f/2 growth medium had been used, the filtrate for nitrate analysis was also treated with a chloride elimination kit (LCW 925, Hach Lange) to remove any analytical interference from the chloride ions in the media. However, untreated filtrate was used for phosphate analysis as the salts did not interfere with the reaction chemistry.  Where nitrate concentrations exceeded the range of the kit, samples were diluted with deionised water. Salinity and pH were measured using a VWR CO 300 Digital Conductivity Meter and a Hach Lange Pocket Pro pH meter (Hach Lange, Düsseldorf, Germany).

2.4. Anaerobic Digestion
The Bio-Methane Potential (BMP) of Phaeodactylum tricornutum grown in standard and modified f/2 containing brine wash from two bore hole sites FDWTW and BABWTW was measured using 15 x 1-litre HDPE reactor bottles submerged in a water bath maintained at 35 °C (Anaero Technology Ltd, Cambridge, UK). The working volume in the reactors was 700 mL. Samples were pre-treated at 90 °C for 12 hours followed by an inoculum to substrate ratio of 8 g volatile solids (VS) inoculum to 1 g VS substrate. All reactors were mixed at 45 rpm by a single internal paddle mixer and gas flow was monitored and logged continuously and converted automatically to standard temperature and pressure (STP) by continuous monitoring of temperature and atmospheric pressure. Total and volatile solids were determined according to the standard methods (Clescerl et al., 1998). Samples were then processed for dry solids (DS) in a Memmert oven at 105 °C for 6 hours. Volatile solids were heated overnight at 550 °C. The biogas potential of substrates was calculated as a cumulative measure of the average daily biogas yields in L kg-1 VS added, minus the biogas potential of the inoculum.

2.5. Statistical analyses
Data were analysed using Student’s t-test or One-Way ANOVA using Microsoft Excel. A p-value of < 0.05 was considered statistically significant. Growth rate was defined as the population increase over time and calculated by fitting OD600 data and time to a logistic model in MATLAB (MathsWorks, MA, USA), as described in Goodman (2009), which produced a value for maximal growth rate and carrying capacity for each culture. The logistic function describes a population (N) that exhibits exponential growth over time (t), but that is restricted by the inclusion of a carrying capacity (K) that limits growth as the population increases.

3.0. Results

3.1. Laboratory studies
Two main experiments were performed to assess the ability of various halo-tolerant marine algae to grow in growth media in which the nitrate was sourced from brine wash from the BABWTW borehole site. Initial experiments were conducted at laboratory scale to establish the growth characteristics under optimal conditions, followed by testing in larger pilot scale cultivations to test if the brine wash nitrate could support algal growth under semi-natural illumination without temperature control. 
 
3.1.1. Growth in crude brine wash and in media substituted with brine wash as a nitrate source
Five halotolerant marine algal species were trialled (N. oceanica, P. tricornutum, T. suecica, I. galbana, and P. lutheri) to determine if brine wash could be used for their cultivation. Using 10 mL well plates for an initial screen, none of the species were able to grow in 100% brine wash, nor in brine wash diluted 1:3 with ground water. However, when f/2 media was modified so that the nitrate source was substituted with brine wash, all five species could grow (Table 1). Indeed, there was some enhanced growth in the species grown in the modified media compared to standard f/2 media (Supplementary Figure 1).

3.1.2. Tolerance of algae to various concentrations of brine wash in growth media
Having shown that it was possible to substitute the nitrate in f/2 medium with the brine wash to the same concentration (55 mg L-1 nitrate), we next investigated the tolerance of three of the algal species, P. tricornutum, T. suecica and P. lutheri, to varying amounts of nitrate by measuring OD600 as a proxy for cell numbers (Figure 1). Algae were grown in both standard (55 mg L-1 nitrate) and modified f/2 media where brine wash was added at a range of nitrate concentrations, which equated to concentrations of 5, 28, 55, 110 and 275 mg nitrate L-1 (Table 1 and 2). The brine addition was between 0.04% and 2% of the total growth medium volume, depending on the nitrate concentration in different batches of crude brine wash. Even the lowest nitrate concentration (5 mg L-1) supported some growth, but increasing amounts allowed all three algae to grow at least as well as in the standard f/2 medium (55 mg L-1). The maximum growth rate of the algae was observed in cultures with a modified nitrate concentration of 275 mg L-1, apart from T. suecica, which had a maximum growth rate in standard (55 mg L-1) media (Table 3). 

This observation was confirmed with P. tricornutum using an extended range of nitrate concentrations in the modified medium, up to 100 times that in standard f/2, this time measuring actual cell numbers (Figure 2A). P. tricornutum was selected not only because it performed well in the previous experiments but also because it is euryhaline, and so would likely be able to tolerate the range of salinities to which it would be exposed (Kräbs and Büchel, 2011; Liang et al., 2014). The experimental flasks were prepared as above, using modified f/2 media but with the nitrate concentration ranging from 28 to 5500 mg L-1 (Table 2). There was a slight increase in the lag phase with the modified media containing 2750 mg L-1 nitrate, and a severe impact on both the time of reaching lag phase and on actual final cell density at 5500 mg L-1. To test if this impairment was due to the nitrate concentration or other components in the brine wash, a further experiment was conducted in which standard f/2 media was enriched with nitrate up to this concentration (5500 mg L-1, using sodium nitrate rather than brine wash). Figure 2B shows there is just a slight reduction in growth compared to the standard f/2, indicating that the inhibitory effect of the highest concentration of brine wash is likely caused by another factor. This might possibly be the salinity in the modified f/2 (5500 mg L-1), which is more than twice that in f/2 (Table 2).  

Measurement of dry weights of the end points showed the biomass produced in the standard and modified f/2 media containing 55 mg nitrate L-1 were similar. However, there was a variation in the biomass produced in cultures grown at other nitrate concentrations, with those grown at 550 mg L-1 producing the least biomass, and those grown in 5500 mg L-1 producing the most, despite much lower cell numbers (Figure 3). This may be due to the high salt residue from the brine wash in this condition (5500 mg L-1), which despite washing the pellet, could be associated with the cell pellet. 

To establish the effectiveness in nitrate drawdown, levels of nitrate remaining in the medium were determined, and these values used to calculate how much nitrate had been taken up by the cells over the time course. In 50 mL cultures containing a starting nitrate concentration of 27.5 mg L-1, the nitrate concentration was below the detection limit of the kit used (1 mg L-1) by day five. This correlated with the rapid switch from exponential to stationary growth phase, implying that nitrate was exhausted by this time.  In cultures grown in standard f/2 and the equivalent modified media (55 mg L-1), nitrate was below the detection limit by day 7, and for cultures with a starting nitrate concentration of 110 mg L-1 by the end of the experiment (day 11) (Figure 4A, Supplementary figure 2A). An excess of nitrate remained at the end of the experiment in some treatments, which amounted to between 53% (in 275 mg L-1 culture) to 99% (in the 5500 mg L-1 culture). A reduction in the nitrate concentration in the medium was not detected in the 5500 mg L-1 nitrate treatment until day four. The concentration of phosphate was below the detection limit of the method by day nine in all treatments, except in the 5500 mg L-1 treatment where there were measurable amounts of phosphate up to, and including, day 11 (Figure 4B, Supplementary figure 2B). 

3.2. Growth of algae at pilot-scale (10 to 100 litres)
To assess scale up of biomass productivity on brine waste and nitrate removal, two pilot experiments were conducted in the University of Cambridge Algal Innovation Centre housed at the Cambridge University Botanic Garden, UK. 

In the first experiment the P. tricornutum cultures grew successfully in 10 x 10 L bubble column bioreactors when grown in standard and modified media (both at 55 mg L-1 nitrate) containing brine wash from the BABWTW borehole site. After seven days growth, the cultures reached just over 4 million cells mL-1 (Figure 5A) with a final dry cell mass of the 10 L culture of 7.1 g. Nitrate was almost entirely removed from the medium, from a starting amount of 600 mg nitrate only 34 mg remained after 7 days’ culture (570 mg nitrate removed; 94% removal) (Figure 5A). The second experiment tested if a similar response was seen in larger cultures, and whether the origin of the brine wash had any impact on the growth of algae and nitrate bioremediation. Starter cultures of P. tricornutum grown in 3 x 10 L bubble columns were used to inoculate 100 L horizontal bioreactors, one of which contained modified f/2 media with nitrate from the BABWTW borehole, and the other modified f/2 media with nitrate from the FDWTW borehole. To avoid dilution shock to the diatoms in the starter cultures, these were added to each 100 L reactor in batches: on day 1, 10 L of culture was added to the 100 L reactor with 30 L of modified f/2 (volume 40 L). This was repeated on day 2 and on day 3 the final 10 L of culture was added together with 10 L of modified f/2, making a total of 100 L per reactor tube. This staggered inoculation is the probable cause of the starter nitrate concentration in the large reactor being 21 mg L-1. In the culture with brine wash from the BABWTW borehole site, P. tricornutum grew as well as it had for the first two days (Figure 5B) (Supplementary figure 3). There were slightly lower cell numbers in the culture grown using brine waste from FDWTW (Figure 5B). The salinity (30-32 salinity units) and pH (8.8-10) remained constant throughout the experiment. There was considerable nitrate removal from both cultures, although it was greater in the FDWTW culture, where just 370 mg nitrate remained (82% removal) in the 100 L culture at the end of the experiment compared to 1280 mg nitrate left in the 100 L BABWTW culture (42% removal) (Figure 5B).

3.3. Anaerobic digestion
To test whether the P. tricornutum grown in the 100 L reactors could be used for subsequent bioenergy purposes, the algae were tested for their biomethane potential (BMP) using anaerobic digestion (Zhao et al. 2014). After 28 days of anaerobic digestion, P. tricornutum grown in standard f/2 growth medium produced an average (n = 2) biogas yield of 286 L kg VS-1, whereas the Bio-Methane Potential (BMP) of P. tricornutum grown in modified f/2 containing brine wash was significantly lower at 39 L kg VS-1 (BABWTW brine wash) and 7 L kg VS-1 (FDWTW brine wash). 

4.0. Discussion
[bookmark: _Hlk495495155]This study demonstrates that, in a dilute form, brine wash could be a suitable nitrate replacement for growth of marine microalgae.  In small scale laboratory experiments, three species (P. tricornutum, T. suecica, P. lutheri) were able to grow in modified f/2 growth media in which the nitrate was provided by dilution of the brine wash to deliver between 5 – 274 mg nitrate L-1. Similar effective denitrification, using P. tricornutum, was also seen in larger scale cultivations (Fig. 5), indicating that this approach has the potential to remediate nitrate levels in drinking water supplies. There was a linear relationship between growth and increasing concentrations of nitrate (Fig. 1), up to a maximum of 550 mg nitrate L-1 (Fig. 2). However, growth was clearly inhibited in the cultures grown in modified f/2 media at the higher nitrate concentrations of 2750 and 5500 mg L-1, including exhibiting an extended lag phase. As the growth of the cells in enriched f/2 media did not appear to be significantly affected by the higher nitrate concentration (Fig. 3) it is likely that the effect of the higher proportion of brine wash was not due to nitrate. Instead, the volume of brine added to provide 2750 mg nitrate L-1 and 5500 mg nitrate L-1 resulted in salinities of 51.5 and 70.1, respectively, which is considerably higher than would be encountered in the marine environment (salinity ~34), and this may well have a negative effect on cell function, despite P. tricornutum being a euryhaline species. Although it was not possible to dilute for salinity as well as nitrate (although the amount of seasalts used in the medium could be in principle reduced to offset the salinity of the brine), further screens of other halotolerant species or performing acclimation experiments on P. tricornutum might help to increase the growth rate and biomass in higher proportions of brine wash and the associated high salinities (Ben-Amotz and Avron 1983).

The transition into stationary phase of growth after 5 to 8 days, with no additional increase in cell numbers or biomass despite an excess of nitrate in some cultures (Fig. 4A), is likely due to limitation of other essential nutrients, such as phosphate and trace elements. Support for this comes from the fact that the phosphate was completely removed from the medium after five days during the P. tricornutum brine tolerance experiment (Fig. 4B). This limitation is unlikely to have impacted the removal of nitrate from the growth media as P. tricornutum did not exhibit ‘luxury uptake’ of nitrate when provided with higher concentrations (as reported elsewhere for phosphate – Powell et al. 2008, 2009; Zhu et al. 2015), even when phosphate was abundant at the start of the experiment. Other studies have also found that phosphate uptake is rapid, but in the bioremediation study by Kim et al. (2014), it did not coincide with the stationary phase of growth. In order to maximise remediation of nitrate from brine wash, it might be possible to extend the exponential phase of growth by supplementation of additional nutrients at higher nitrate concentrations. However, at high cell densities ‘self shading’ can inhibit growth and there would be a need to harvest all, or some (via semi-continuous culture) of the biomass. Thus, working at nitrate concentrations above that of standard growth media may not be advantageous.  Additionally, we would expect semi-continuous culture conditions in industry, and this would be the most appropriate way to optimise maximum nitrate removal.

Industrial relevance
Most brine wash is diluted back into the water supply at enormous cost to drinking water suppliers (Bergquist et al., 2016; Parker and Schlarb-Ridley, 2013). The analysis presented here suggests that algae may represent a viable method for the denitrification of brine wash. However, the wash must be diluted to allow algal growth. This method reduces the burden on subsequent water treatment steps but the spent algal growth media is unsuitable for reuse in AEX.  Therefore, this approach is probably most useful to derive value to offset the cost of brine disposal. Based on the results of the pilot scale experiments, average daily rates of nitrate removal measured in P. tricornutum cultures at 10 L or 100 L scale were 1.2 – 8.2 mg L-1 day-1 (Fig. 5). At this nitrate uptake rate, all nitrate would be depleted and therefore remediated from the brine wash after approximately five days’ growth in f/2. 

In a scenario where a new algal facility were to be installed with the goal of remediating a proportion of the total daily production of nitrate-rich brine waste for the generation of biomass, we calculated the areal footprint needed for installation of photobioreactors. Based upon the 10 L pilot-scale batch experiments, where a final biomass concentration of 0.713 g L-1 was achieved after a seven-day residence time, we estimate the minimum photobioreactor capacity would be 870 m3; the area footprint would depend on the type of bioreactor installed. Spent growth media would contain >5% residual nitrate after the residence time. Using 10% of the current daily brine production volume of 5690 L-1 day-1 and at an approximate average of 12 g nitrate L-1, the facility would be able to generate a theoretical maximum of 32 tonnes of biomass per year if the average growth rate obtained in the pilot experiments were reproduced. However, with additional steps to intensify productivity and cell density, such as optimisation of nutrients and gas transfer, the footprint could be significantly reduced and the biomass quantity improved. Nonetheless, given the current high capital expenditure on cultivation and downstream processing equipment to handle large volumes of dilute algal cultures, a techno-economic analysis is essential to establish the financial viability of such an operation. 

This information will help stakeholders in the water industry to decide whether such a bioremediation strategy will provide water saving (in terms of reduced volumes of water required to dilute the brine) and/or financial savings.  Currently the dilution factor of the crude brine before it is disposed of safely is 1:3 or 1:4 brine to fresh ground water, whereas the dilution factor of adding the crude brine wash to the growth media is approximately 1:50 (brine to media) meaning that no overall water savings are made.  However, energy savings may be made should the algal biomass be used for anaerobic digestion, or financial gains if the algae were used for other high value products or feed. The reuse of brine waste as part of an industrial symbiosis enables additional value to be created from the raw material inputs. Based on our findings, if brine wash were used to displace sodium nitrate in microalgal biomass production, there is the potential for a cost saving and sustainability gain. In the scenario where a microalgal facility is producing 20 tonnes per year of dried P. tricornutum, 1 L of brine waste would supply the equivalent nitrate for 218 L of f/2 media. Estimations using batch culture with a seven-day residence time and a final biomass concentration of 0.71 g L-1 (as reported for our 10 L experiments above) mean it would be possible to use 128,565 L of brine wash a year, representing 6% of the annual brine production based on current daily generation of 5690 L-1 day-1 and at an approximate average nitrate concentration of 12 g L-1. The source of nitrate has been previously identified as a major contributor to the environmental footprint of P. tricornutum production (Pérez-López et al. 2014), therefore the displacement of fossil-fuel based fertiliser would improve sustainability and make a contribution to process economics, if brine wash was priced more competitively than sodium nitrate. The cost of supplying brine waste, and in particular, storage and transportation, would have to be subject to further analysis. Currently anaerobic digestion is a potential outlet for the algal biomass generated from the brine wash.  However, the biogas yield was significantly lower (7 – 39 L kg VS-1) for algae grown on modified media compared to standard f/2 (286 L kg VS-1). The observed growth inhibition might be due to the inhibitory compounds (such as heavy metals or salt) present in the brine wash used to grow the algae. If this is the case, then there is potential for optimising this by modification of the initial AEX process or the microbial consortium with the AD process.  

Conclusion
Our results show that although algae were unable to grow directly on the crude brine wash, they could grow in growth media substituted with nitrate sourced from brine wash and remove up to 1700 mg nitrate at the 100 L bioreactor scale. We conclude that it may be possible to derive value from brine wash as a sustainable source of nitrate for the growth of microalgae in bulk. In order to make the whole process sustainable from a techno-economic standpoint, further optimisation is needed to reduce capital expenditure on PBRs for treatment of fixed quantities of brine waste, intensify cell densities by improving light availability (Hu et al., 2000; Kugler et al. 2015), and to move from batch to semi-continuous cultivation will be required. These experiments will in turn inform the business case and footprint requirements for a full scale plant to treat brine wash, recover nutrients, and generate revenue by producing microalgae, which can be sold as a bioenergy feedstock, or (depending on the purity of the brine) developed for food, feed and nutraceutical applications.
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Table 1. Initial (T0) concentrations of nitrate (mg L-1) in standard f/2 growth media, crude (undiluted) brine wash and modified media at the start of preliminary brine wash tolerance experiments. The nitrate concentration range in the brine wash experimental flasks was set to provide nitrate below, above and equal to the concentration provided by standard growth media.
	
	Treatment
	f/2 (mg nitrate L-1)

	1
	Standard media – control
	55

	2
	Undiluted brine wash – control
	14,000

	3
	Modified media  1/10 NO3-
	5

	4
	Modified media  1/2 NO3-
	28

	5
	Modified media  1 × NO3-*
	55

	6
	Modified media  2 × NO3-
	110

	7
	Modified media  5 × NO3-
	275


* Comparable to standard media






































Table 2. Initial (T0) amounts of nitrate (mg L-1) in standard, enriched and modified f/2 growth media together with pH, salinity and molar N:P ratio at the start of follow-on brine wash tolerance experiments using Phaeodactylum tricornutum. The nitrate concentration and salinity of the crude brine wash was 19.9 g L-1 and 168, respectively.
	Treatment
	Expected
Nitrate (mg L-1)
	Measured
Nitrate T0
(mg L-1)
	Nitrate in flask
(mg in 60 mL)
	pH
	Salinity
	N:P ratio
(T0)
	N:P ratio
(Day 5)

	Standard f/2 media – control
	55
	52
	3
	8.08
	30.4
	20
	580

	NO3- enriched f/2 media – control
	5500
	5390
	323
	8.10
	30.7
	2036
	242539

	Modified media  0.5 x NO3-
	28
	28
	2
	8.08
	30.1
	11
	11

	Modified media  1 × NO3-*
	55
	57
	3
	8.04
	30.3
	23
	382

	Modified media  2 × NO3-
	110
	106
	6
	8.06
	30.9
	41
	18326

	Modified media  5 × NO3-
	275
	263
	16
	8.12
	32.1
	102
	28674

	Modified media  10 × NO3-
	550
	512
	31
	8.11
	34.1
	196
	2705

	Modified media  20 × NO3-
	1100
	1100
	67
	8.15
	38.2
	432
	3271

	Modified media  50 × NO3-
	2750
	2660
	160
	8.16
	51.5
	1036
	2314

	Modified media  100 × NO3-**
	5500
	5520
	331
	8.15
	70.1
	2275
	4053


* Comparable to standard f/2 media
** Comparable to nitrate enriched media






















Table 3. Maximal growth rate of Phaeodactylum tricornutum, Tetraselmis suecica and Pavlova lutheri grown on either standard or modified f/2 growth media supplemented with nitrate sourced from brine wash. 
	 Growth media
	Maximal growth rate (change in OD per day)

	
	P. tricornutum
	T. suecica
	P. lutheri

	Standard f/2 (55 mg L-1)
	0.40 ±0.01
	0.55 ±0.06
	0.29 ±0.03

	Modified f/2 (275 mg L-1)
	0.41 ±0.02
	0.36 ±0.03
	0.34 ±0.04

	Modified f/2 (110 mg L-1)
	0.39 ±0.03
	0.33 ±0.06
	0.23 ±0.03

	Modified f/2 (55 mg L-1)
	0.36 ±0.01
	0.39 ±0.06
	0.3 ±0.01

	Modified f/2 (28 mg L-1)
	0.36 ±0.02
	0.31 ±0.02
	0.22 ±0.05

	Modified f/2 (5 mg L-1)
	0.26 ±0.03
	0.21  ±0.04
	N/A
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[bookmark: _Hlk492557315]Figure 1: Nitrate from brine wash supports the growth of marine microalgae. Growth (OD600 nm) of (A) Phaeodactylum tricornutum, (B) Tetraselmis suecica and (C) Pavlova lutheri in either standard f/2 media containing 55 mg L-1 nitrate or modified media in which the nitrate was supplemented with the appropriate amount of brine wash to deliver a concentration of 5 – 275 mg L-1 nitrate (n = 3 ± SD).
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Figure 2: Growth of Phaeodactylum tricornutum in different concentrations of nitrate.  Cell number of cultures grown in (A) modified f/2 media supplemented with brine wash (275 – 5500 mg L-1 nitrate) and (B) standard f/2, modified f/2 supplemented with brine wash (55 mg L-1) and enriched f/2 supplemented with brine wash (5500 mg L-1) media (n = 3 ± SD).
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Figure 3: Dry cell weight of Phaeodactylum tricornutum grown on modified f/2 media supplemented with the appropriate amount of brine wash to deliver a concentration of 55 - 5500 mg L-1 nitrate, standard (55 mg L-1) and enriched f/2 (5500 mg L-1) media (n = 3, ± SD).
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Figure 4: Percentage nitrate (A) and phosphate (B) removed in cultures of Phaeodactylum tricornutum grown on standard, enriched or modified f/2 growth media supplemented with brine wash (numbers on legend are starting media nitrate concentrations) (n = 1).
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Figure 5. Cell counts per mL culture and media nitrate concentration of Phaeodactylum tricornutum. Cells were grown on modified f/2 growth media supplemented with nitrate brine wash in either (A) 10 L vertical bioreactor (sourced from BABWTW site only) or (B) 100 L horizontal bioreactors (BABWTW and FDWTW sites). Note that the 100 L was made up in 30 – 40 L batches over the first three days. n = 3 for 10 L bioreactors and due to the limited availability of large scale equipment we only have one replicate sample for the 100 L bioreactor. 
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Supplementary figure 1: Cultures of Nannochloropsis oceanica, Phaeodactylum tricornutum, Tetraselmis suecica, Isochrysis galbana and Pavlova lutheri grown on standard or modified f/2 growth media supplemented with brine wash for six days.

















[image: ]
Supplementary figure 2: Cumulative amounts of nitrate (A) and phosphate (B) removed in cultures of Phaeodactylum tricornutum grown on standard, enriched or modified f/2 growth media supplemented with brine wash (numbers on legend are starting media nitrate concentrations) (n = 1).
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Supplementary figure 3. Phaeodactylum tricornutum growing on 100 L of modified f/2 growth media supplemented with nitrate sourced from nitrate brine wash at BABWTW (top reactor tube) and FDWTW (bottom reactor tube).
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