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Abstract

:

After several decades, the incorporation of desalinated seawater into agricultural areas with scarce water resources has become one of the main water supply strategies. Compared to the several currently available desalination techniques, reverse osmosis (RO) is now the reference technology because it lowers energy uses and production costs. Nevertheless, its main limiting factor lies in the membranes used for this system not efficiently retaining boron, which is a problem because the concentration of this element in seawater is high. For 3 years, the present work analysed the impact of seawater temperature on the kinetic parameters of boron rejection in an RO system to establish their annual behaviour and the existing correlation between both parameters. A comparison was made using the values simulated in the projection software provided by the manufacturer of the membranes. The obtained results indicated a high correlation, and the R2 correlation coefficients came very close to the unity. Nonetheless, this correlation lowered with time due to typical membrane ageing and compaction because of the system’s continuous operation. Under the tested working conditions and by applying analysed temperature intervals, it was impossible to reach the 0.3 mg·L−1 boron concentration value that ensures lack of crop toxicity. Thus, incorporating other boron reduction techniques is necessary.
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1. Introduction


Boron is considered one of the seven essential micronutrients for normal plant development. The favourable effect of boron on plant growth was observed for the first time by [1] and its main physiological effects have been related to cell wall development and resistance, cell division, fruit set and seed development, transport of sugars, and the stimulation or inhibition of specific metabolic pathways [2].



Plant boron absorption is controlled by the boron level in soil solution, which is a passive (nonmetabolic) process that depends directly on the transpiration rate. The range of boron concentrations in soil solution at which plants can suffer adverse effects is very narrow (0.3–1.0 mg·L−1) [3,4,5]. Lack of this micronutrient in plants can lead to floral bud malformation, dry shoots, wilting, poor pollen viability, inhabited seed development, slow root development or other symptoms depending on how severe boron deficiency is [6,7,8,9,10].



Conversely, high boron concentrations can also cause toxicity symptoms that may affect commercial crop performance when visible symptoms are very serious [11]. These symptoms consist mostly in reduced root growth as cell division diminishes, delayed shoot and root growth, inhibited photosynthesis, low chlorophyll levels in leaves, etc. In most cases, toxicity systems ruled by boron are marginal chlorosis, leaf necrosis or even defoliation, and can end in plants dying [12,13,14]. The previously described phytotoxicity effects are due mainly to using irrigation water contaminated by high boron concentrations.



In areas with limited water resources, seawater desalination is usually resort to supply water for both human and agricultural uses given its endless water resource condition and it not being subject to climate variations. Of all the desalination techniques available today, reverse osmosis (RO) has become the reference technology to desalinate seawater, also because of its low energy use and production costs compared to other available technologies.



This technology is based on a salts solution-diffusion process performed by means of high-efficiency semipermeable membranes, used to retain the main ions present in seawater responsible for its high salinity (sodium, chlorides, magnesium, sulphates, etc.), with retention rates that are similar to or higher than 99% [15].



Nevertheless, applying water desalinated by RO implies one main limiting factor: the employed membranes do not retain most of the boron in water (over 95%), which is a problem because the concentration of this element in seawater is high [16]. The boron concentration in seawater in south Europe can reach up to 4.5 mg·L−1 [15], with slightly higher values (approx. 4.8 mg·L−1) in the Mediterranean [4], which can even reach 7 mg·L−1 in the Persian Gulf [17]. Given the high concentrations of boron present in sea water [14], despite the fact that RO membrane technology achieves high boron retention efficiencies (over 90%) [18], the permeated water obtained has high concentrations, above the limits recommended for its application in irrigation; this fact is becoming the main limiting factor.



Moreover, the boron concentration in seawater desalinated by RO presents no homogeneity over time as it is conditioned by: (i) temporal factors like ageing and compacted membranes, associated with less efficient boron retention; (ii) RO system management factors, such as operating pressure or the pH of the water that feeds membranes and (iii) factors related to climate variations, mainly seawater temperature, which is the main conditioning factor to bear in mind when establishing different scenarios to design RO systems [19].



The Spanish and European boron standard for drinking water is 1 mg·L−1 [14,20]. However, this value is too high to ensure lack of crop toxicity, and its concentration should be lower to 0.3 mg·L−1 [21]. Therefore, seawater desalinated by RO must be submitted to additional treatments [22,23] that are sufficiently efficient in meeting boron concentration requirements. One such treatment involves applying a second RO stage, controlling the feedwater pH, using ionic exchange resins or, as a last resource, a mixture with continental waters to lower the high boron concentration [24].



Of all the factors that affect boron retention efficiency, seawater temperature directly influences water and ions diffusion through semipermeable membranes [24,25]. Hence, variations in temperature can bring about changes in salt rejection efficiency by affecting the pressure at which the system works [26]. Therefore, the aim of this work is to study the influence of temperature on the kinetic parameters of boron rejection in an RO system by determining the seasonality of the process and establishing the existing correlation between both parameters to estimate the boron concentration in desalinated seawater for agricultural irrigation.




2. Materials and Methods


The experimental trials took place in 2017, 2018 and 2019 with a continuous pilot-scale RO system (Figure 1). Seawater was obtained via open collection and was disinfected by dosing sodium hypochlorite at a dose of 1 mg·L−1 to avoid the biological fouling of RO membranes. In order to control colloidal fouling, feedwater was physically treated by filtration on a volcanic sand and siliceous sand bed in a first stage and then with polypropylene-wound cartridges in a second stage, which gave a filtering selectivity of 5 µm. Finally, 0.8 mg·L−1 of an antiscalant chemical agent (PermaTreat PC-1020T of ECOLAB Inc., St. Paul, MN, USA) was added.



Before high-pressure pumping, a chemical pretreatment was performed, which consists in dosing sodium metabisulphite at a concentration of 1 mg·L−1 to remove residual chlorine and to, thus, protect the RO membrane from oxidation given this element’s poor tolerance to chloride (<0.1 mg·L−1). To prevent calcium carbonate precipitation in membranes, seawater pH was left at 6.5 throughout testing by dosing 98%/99% sulphuric acid at a dose of 25 mg·L−1.



Feedwater was driven by a piston pump model 281 of brand CAT PUMPS, a high-pressure module equipped with seven membranes (8” outer diameter) with high salt (99.8%) and boron (92%) rejection of the brand Dow FilmTec Co. (Midland, MI, USA), model SW30HRLE-440i, which operates at a feedwater flow of 7000 L·h−1 and 70 bar pressure, obtaining a total recovery of the system R = 0.495, defined according to Equation (1):


  R =    Q p     Q f     



(1)




where Qp is the permeate flow and Qf is the feed flow to the system [27].



In order to provide the system with a permeated water reservoir to displace seawater from the RO membranes (in the event of system shutdown and/or cleaning), a continuous storage tank of permeated water with a capacity of 500 L was provided.



The system’s set of instruments was made up of three devices to measure pH, electric conductivity (EC) and redox potential (fitted on the pressure line to the RO membranes); a PT-100 temperature probe (fitted on the high-pressure pump’s intake line to control and regulate the physicochemical parameters of feedwater); a pressure transmitter on the pump’s driveline and another on the permeate water line to accomplish effective pressure in the system as the difference between both measurements and three rotameters to control and regulate feedwater, permeate water and rejected water flows.



The boron content in the obtained seawater was monitored by UV–visible spectrophotometry using the HACH laboratory DR3900 spectrophotometer model and HACH model LCK307 boron test cuvettes, which allow boron concentrations between 0.05 and 2.5 mg·L−1 to be measured.



At the same time, as the experimental data were acquired, the pilot system’s performance was simulated in a computer to determine the expected boron concentration and rejection efficiency, provided by the manufacturer of the RO membranes, with the WAVE computer package (Water Application Value Engine) of DUPONT (version 1.72.724). The WAVE is a new modelling software program that integrates three of the leading technologies (ultrafiltration, reverse osmosis and ion exchange resin) into one comprehensive platform. The WAVE software is based on the diffusion model and integrates the equations of that model for the simulation of a flow of molecules through a semipermeable membrane and is used to design and simulate the operation of water treatment systems using the UF, RO and IER component technologies [28]. Figure 2 and Figure 3 show the input parameters in the WAVE software for the 2019 simulation.




3. Results


During our trial period (years 2017, 2018 and 2019), no significant variations were detected in both the physical parameters and chemical composition of feedwater. The concentrations of the main compounds responsible for water salinity (sodium and chlorides) had practically constant mean values of 11,890 and 20,553 mg·L−1, respectively. As seen in Figure 1, the feedwater EC values were always higher than 54 mS·cm−1, except in January 2017 and December 2019, when they were 52.93 and 52.95 mS·cm−1, respectively, as a result of the rainwater inputs to the sea from heavy rainfall in these 2 months. Moreover, and as expected, the annual feedwater temperature range was 15.5–28.5 °C in 2017, 15.1–28.6 °C in 2018 and 15.5–26.4 °C in 2019 (Figure 4), which led to considerable variations in the permeate water characteristics.



No significant variations were observed in the boron concentration of feedwater in the 3 years that the trial lasted, with mean annual values of 4.95, 4.78 and 4.61 mg·L−1 for 2017, 2018 and 2019, respectively. This amount of boron in feedwater allowed a balance to be struck between boric acid and the borate ion, where the predominate species was boric acid regardless of the boron source being boric acid or one of the borates because boric acid is easily dissolved in water (solubility of 55 g·L−1 at 298 K), where it acts like a very weak Lewis acid (pKa = 9.2 at a temperature of 298 K).



The creation of a basic means meant that the predominate species was the borate ion, which is best rejected by RO membranes [23]. Nonetheless, this proved incompatible with the requirement to operate at an acidic pH to avoid fouling membranes as a result of carbonates precipitating on membrane surfaces. This justified having to constantly maintain the feedwater pH at 6.5 throughout the trial.



Table 1 provides the monthly values recorded for temperature, EC, boron concentration in seawater and the effective pressure at which the system operated. This was obtained as the difference between feed pressure and permeate pressure, which, in turn, determined the system’s real rejection efficiency.



Figure 5 represents the monthly EC evolution of permeate water and the effective pressure during the 3 years the trial lasted. The EC of the permeate water reached a minimum 311 µS·cm−1 at the lowest temperature (15.1 °C) and 761 µS·cm−1 when the temperature was at its highest (28.6 °C). This variation was expected as a rise in temperature in RO membranes diminishes their salt rejection efficiency. For the EC of permeate water, a major interannual difference was observed in the values recorded in 2017 and those recorded in 2018 and 2019 as a result of typical membrane ageing and compaction. The biological fouling of RO membranes was ruled out as an acidic pH for feedwater was maintained throughout testing. This implies that for similar temperature values in hotter months (July and August), the permeate water EC was higher in permeate water in 2018 and 2019.



During our 3-year study period, the effective pressure applied in the RO process performed similarly. The highest effective pressure values were obtained in those months when the feedwater temperature was lower, with a mean value of approximately 67.1 bar for all 3 study years. This value progressively dropped to 63.2 bar in hot months, which allowed the process’ energy costs to lower. This performance responds to a higher feedwater temperature, which favours the diffusion process through membranes and leads to higher permeate flow, but worse water quality, when the EC and boron concentration are higher (Figure 5).




4. Discussion


In the work carried out by Hung et al. [29], the influence of feed water temperature on the different kinetic parameters of solutes transport through the membrane was studied. It was demonstrated that membrane permeability is the main parameter involved in the transport process of the different solutes, which, in turn, depends on the chemical composition of the membrane. On the other hand, Hyung et al. [30] studied the behaviour of boron retention mechanisms in RO systems based on different operating conditions; however, the results obtained by both authors are based on the application of the theoretical solution-diffusion model and not on data obtained experimentally. In the present work, carried out under specific operating conditions, the experimental results obtained from boron concentrations in the permeated water were related to the variable temperature of the feed water by means of a simple linear regression analysis (Figure 6). For the years analysed, determination coefficients R2 were obtained very close to unity (0.97, 0.95 and 0.88 for 2017, 2018 and 2019, respectively), which shows that feed water temperature is a parameter capable of predicting boron concentration in permeated water quite accurately, based on experimental modelling and development of equations, since boron is a compound that must be determined a posteriori. Although the duration of the study is relatively short in comparison with the useful life of the RO membranes (which can be extended to 20 years, depending on the quality of the seawater and the maintenance and operation carried out on it), an annual decrease in this dependence can be observed in the reduction in the coefficients of determination R2, which is due to ageing, fouling and compaction of the membrane, effects that are not considered by other authors [29,30,31]. These effects influence the temperature-boron ratio due to the alteration of the hydraulic characteristics of the membrane (due to its exhaustion), as well as the active layer of the membrane, as a result of the chemical products used for its microbiological cleaning and conservation.



Parallel to the experimental development, a simulation of the RO system was carried out using DUPONT’s WAVE software. The simulation used the initial chemical composition values of seawater obtained in 2017, given their low variability, and only the concentration of boron in the seawater was modified. This simulation also shows the dependence between the water temperature and the boron concentration in the desalinated water, as the software is based on the theoretical model of solution-diffusion. However, in all the simulated scenarios, given the conservative nature of the manufacturer, the estimated boron concentration values were higher than those obtained experimentally (Figure 6), providing an overall boron rejection efficiency lower than that actually obtained (Figure 7). This overestimation was more pronounced in the hottest months (April–September: 31.65% annual average) and lower in the coldest (October–March: 22.02% annual average). Despite the fact that this software allows the establishment of a “Flow Factor” to adjust the theoretical conditions to the real operating conditions of the system, this was not considered in the estimates because the real values of boron concentration in the permeated water were not known. Moreover, this is a parameter established by the RO system designer based on his own experience.



Boron rejection efficiency (Er) did not reach the values provided by the manufacturer of the membranes in any studied month (92%), but obtained efficiency values of about 80–85% in colder months and approximately 70–75% in hotter months. These values agree with those proposed by [32] using a single-pass SWRO (Seawater Reverse Osmosis) system.



The levels of boron in the desalinated water are usually an order of magnitude higher than those in conventional freshwater sources. For example, typical river water has a boron concentration of 0.05 to 0.2 mg·L−1, while source seawater boron levels are usually between 4 and 6 mg·L−1. Desalinated seawater is characterised by a high boron content, mainly due to its low molecular weight. World Health Organization’s drinking water guidelines [33] sets 2.4 mg·L−1 as a reference value; however, in agricultural irrigation application, this value can be toxic for large number of crops, because high boron concentrations are known to have a negative impact on the yield, size and colour of different crops [12,13,14,34]. Thus, different authors such as Maas [35], Muñoz et al. [36] and Yermiyahu et al. [21] consider 0.3 mg·L−1 as the maximum recommended value, which guarantees the absence of problems due to boron toxicity in irrigation water.



The tests have been carried out with a single-pass SWRO system and the obtained boron content of desalinated seawater was within the range for this type of system (usually between 0.7 and 1.5 mg·L−1) [37,38]. In a single-pass SWRO system, such as the one used in the tests and according to the estimates made, feed water temperature values in the range of 6–8 °C would allow the recommended value of 0.3 mg·L−1 to be reached; a range that is unattainable in a natural way. Two-pass SWRO system typically produce water with boron levels between 0.3 and 0.5 mg·L−1, however, there is still a need for additional water quality polishing processes, and the treatments must ensure that there are no boron toxicity problems. Among the treatments to achieve adequate boron rejection, the pH adjustment by addition of a base (typically sodium hydroxide) or the use of ion exchange, activated carbon adsorption, advanced oxidation, etc should be emphasized. These water quality polishing steps can sometimes double the costs of desalinated water compared to the costs associated with drinking water production, and these costs can only be borne by higher value-added crops [39].




5. Conclusions


The feedwater temperature in an RO system is a parameter with a direct effect that very much depends on the boron concentration in desalinated water. For 3 years, the present work studied the relation between both parameters, and the R2 correlation coefficients came very close to the unit (0.97, 0.95 and 0.88 for 2017, 2018 and 2019, respectively). Nonetheless, we found that typical membrane ageing, and compaction reduced the correlation between both parameters, even when membranes were not subjected to biological fouling because the pH of feedwater was also acidic. We also verified that under our testing conditions, and by applying the analysed temperature intervals, it was impossible to reach the 0.3 mg·L−1 boron concentration value that ensures lack of crop toxicity. Thus, incorporating other boron reduction techniques is necessary if the purpose of these flows is agricultural irrigation.



Boron rejection efficiency displayed inverse performance to that of the feedwater temperature, which lowered with rising temperatures. The analysed rejection efficiency values were around 80–85% in colder months and roughly 70–75% in hotter months, but the theoretical values provided by the manufacturer of the membranes were not obtained in any case (92%). The analysis that compared the experimental data obtained with the projection software (WAVE, Water Application Value Engine) used by the manufacturer of membranes indicated its conservative nature because boron concentrations were always higher than those actually recorded in all cases and, consequently, rejection efficiency values were lower.
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Figure 1. Diagram of the reverse osmosis (RO) pilot system used in the test. 
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Figure 2. Screenshot of “Feed Water” (Water Application Value Engine (WAVE) software). 2019. 
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Figure 3. Screenshot of “Reverse Osmosis” (WAVE software). 2019. 
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Figure 4. Annual evolution of feedwater temperature and electric conductivity (ECin) in 2017, 2018 and 2019. 
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Figure 5. Annual evolution of permeate water electric conductivity (ECout) and effective pressure in 2017, 2018 and 2019. 
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Figure 6. Real values and those estimated with the WAVE software of DUPONT of the boron concentration for permeate water according to the feed water temperature in 2017, 2018 and 2019. 
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Figure 7. Real values and those estimated with the WAVE software of DUPONT on boron rejection efficiency according to the feed water temperature in 2017, 2018 and 2019. 
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Table 1. Experimental records of temperature T (°C), electric conductivity (EC) (µS·cm−1), permeate boron concentration B (mg·L−1), effective pressure (Pe) (bar) and boron rejection efficiency (Er) (%) in 2017, 2018 and 2019.
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	2017
	T
	EC
	B
	Pe
	Er
	2018
	T
	EC
	B
	Pe
	Er
	2019
	T
	EC
	B
	Pe
	Er





	Jan
	15.9
	389
	0.65
	67.2
	87.1
	Jan
	15.1
	311
	0.60
	67.0
	87.3
	Jan
	15.5
	445
	0.59
	67.4
	87.5



	Feb
	15.5
	347
	0.56
	67.3
	88.9
	Feb
	15.5
	352
	0.61
	67.1
	87.5
	Feb
	16.5
	458
	0.61
	67.0
	88.0



	Mar
	16.4
	398
	0.61
	67.7
	87.9
	Mar
	15.2
	361
	0.59
	67.2
	87.9
	Mar
	17.6
	477
	0.58
	67.6
	87.7



	Apr
	17.9
	431
	0.71
	67.1
	85.4
	Apr
	17.1
	401
	0.70
	66.4
	84.8
	Apr
	19.4
	481
	0.62
	66.9
	85.3



	May
	19.5
	548
	0.75
	66.2
	85.1
	May
	19.9
	475
	0.77
	65.4
	83.6
	May
	21.5
	518
	0.76
	66.2
	83.9



	Jun
	25.0
	541
	0.90
	65.8
	82.0
	Jun
	22.8
	604
	0.88
	63.6
	81.3
	Jun
	23.1
	612
	0.82
	64.7
	80.9



	Jul
	27.2
	651
	0.99
	64.3
	80.3
	Jul
	27.0
	726
	0.96
	63.0
	79.5
	Jul
	25.2
	744
	0.95
	63.9
	79.3



	Aug
	28.5
	562
	0.99
	63.8
	80.0
	Aug
	28.6
	761
	1.00
	62.9
	80.0
	Aug
	26.4
	757
	0.99
	63.7
	80.5



	Sep
	26.3
	572
	0.93
	63.4
	81.2
	Sep
	27.7
	688
	0.98
	63.1
	79.6
	Sep
	26.1
	752
	0.88
	63.5
	80.3



	Oct
	25.1
	495
	0.91
	63.8
	81.7
	Oct
	23.6
	580
	0.93
	63.6
	80.7
	Oct
	23.9
	650
	0.85
	63.7
	81.0



	Nov
	20.5
	416
	0.82
	64.7
	82.6
	Nov
	20.2
	462
	0.84
	64.6
	82.7
	Nov
	20.8
	514
	0.76
	64.5
	83.1



	Dec
	16.7
	333
	0.67
	65.3
	85.8
	Dec
	17.9
	448
	0.75
	66.2
	84.0
	Dec
	17.0
	419
	0.71
	65.8
	84.2
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