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Abstract

:

A plastic-type flat panel photobioreactor (PTFPP) prototype was designed for microalgae cultivation as biodiesel feedstock. The growth, biomass, and lipid production of the oleaginous microalga Scenedesmus obliquus were optimized through the enhanced design and cultivation conditions in the PTFPP. The optimization conditions include cultivation of the microalga in a flat panel photobioreactor manufactured from a 10 µm-thick plastic sheet with dimensions of 40 cm in width and 60 cm in height. The width of the designed plastic bags was adjusted by “4 ports” of circular adhesion points which make the volumetric cultural capacity 5 L. Cultivation of the microalga was optimized through the replacement of the sodium nitrate of the BBM medium with urea as a nitrogen source. Cultivation bags were subjected to continuous illumination with 3000 lux white, fluorescent lamps and aerated with 1.5 L air/min (equal to 0.3 VVM). Biomass production from the designed PTFPP reached 3 g/L with around 40% lipid content (on a dry weight basis). Based on a GC-MS analysis of the produced fatty acid methyl ester (biodiesel) from S. obliquus, the percentage of C16 and C18 fatty acids reached more than 90% of the defined fatty acids. Out of this percentage, 66.6% were unsaturated fatty acids. The produced fatty acid profile of the S. obliquus biomass cultivated in the designed PTFPP prototype could be considered a suitable feedstock for biodiesel production.
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1. Introduction


Due to the increase in industrialization and population, there is a constant need for energy, especially renewable energy, which helps sustain resources, preserves the environment, and reduces carbon emissions and global warming [1,2]. Biodiesel (fatty acid methyl ester), in particular, is one of the most widely used and in-demand types of biofuel. Commercial biodiesel is currently produced from animal fats, waste frying oil, and vegetable oils, whose competition with edible vegetable oils on agricultural land remains a controversial issue. Microalgae are one of the renewable feedstocks currently used (mostly on a research scale) for biodiesel production. The advantage of producing biodiesel from microalgae compared to other plant sources is that it does not compete with humans for food or arable land. Algae can also be produced for another purpose, such as treating wastewater, and then used to produce biofuel. Algae production continues throughout the year, unlike oil crops that grow in specific seasons and compete for land and water that is suitable for irrigation or drinking [3,4]. Despite the success and promise of producing biodiesel from microalgae (especially oleaginous), its commercial use is still restricted due to the high cost of production and harvesting [5]. Microalgae are a huge and diverse group of aquatic organisms that can be found in a variety of environments and under challenging conditions [1]. Microalgae can grow rapidly in fresh and salt water, or even in partially treated wastewater, converting solar energy into biomass by fixing carbon dioxide without competing with food crops on land or water. Some species of microalgae can accumulate a high percentage of lipids, up to 60% of their dry mass, making them good candidates for biodiesel production [6]. Microalgae can be grown in four different types of conditions: phototrophic, heterotrophic, and mixotrophic [7]. Temperature, carbon dioxide, dissolved oxygen concentration, light intensity, pH, salinity, and nutrient availability are among the factors affecting the growth of microalgae [8].



Microalgae can be grown in open pond systems or closed photobioreactors (PBRs), and, although they are all designed to meet the requirements of algal growth, each has its own advantages and disadvantages [9,10]. Although open systems for microalgae cultivation are easier to construct and operate than closed systems, they face several operational problems, including evaporation, pollution, exposure to weather conditions, and large land requirements. On the other hand, closed systems are expensive to build and complex to operate; however, they provide the ability to better control temperature and pH, distribute light effectively, and reduce pollution from the outside. Such controlled conditions in closed systems make their biomass productivity and quality much higher than that of closed systems [8,11,12]. For instance, the biomass productivity of the microalga Chlorella sorokiniana for the stirred tank, bubble column, and airlift PBRs were 0.064, 0.097, and 0.072 gdw/L·day, respectively [13]. While the “estimated annual productivity average productivity” of the same microalga in raceway ponds was estimated to be 0.040 gdw/L·day (taking into account that one square meter contains around 400 L) [14].



PBRs are often constructed as flat or tubular reactors, which are usually made of glass, plastic, or other transparent materials that allow light to penetrate the microalgae to photosynthesize [15,16]. The closed PBRs, known as flat panel photobioreactors (FP-PBRs), have a large illuminated surface-to-volume ratio and a restricted light channel [17]. Glass, plexiglass, or polycarbonate are just a few examples of transparent or translucent materials used to make flat panels. It has been reported that the high photosynthetic productivity of microalgae grown in FP-PBRs is a direct result of the enormous lighting surface area in such PBRs [16,18]. It is worth noting that providing the appropriate light in terms of duration and intensity to microalgae stimulates photosynthesis processes. It then increases algal biomass productivity and stimulates the formation and accumulation of some economically important secondary metabolites, such as lipids used in biodiesel production [19]. Flat plate reactors are among the most widely used closed photobioreactor systems for growing microalgae for both research studies and commercial applications. As the commercial use of these plate photobioreactors expands, efforts have been made to develop their design and reduce their construction cost by selecting suitable cheap materials such as plastic bags/sheets [20]. Polyethylene bags are commonly used as photobioreactors because of their affordability, transparency, and ability to maintain sterility at the high temperature of film extrusion during the initial stages of cultivation. These photobioreactors resemble vertical bags that are suspended either singly or in a row in parallel and fixed to a support (rack) [21]. However, the design and dimensions of the plastic bag PBRs, along with the raw materials from which they are made, are expected to play a major role in the microalgal growth efficiency and biomass productivity. The ideal design of a microalgae PBR should take into account the appropriate use of light, provision of aeration and agitation, and optimization of unit space. In addition, microalgae productivity must be maximized by providing the appropriate nitrogen source, appropriate lighting duration and intensity, and appropriate air and agitation ratio to the target algae [13,22].



Therefore, the main objective of the present study was to explore and develop flatbed photobioreactors for microalgae cultivation based on plastic bags/sheets as cheap and locally available materials for the purpose of biofuel production. The optimization of Scenedesmus obliquus cultivation parameters in the designed plastic-type photobioreactor as a model lipid-rich microalga for biodiesel production was considered in this work.




2. Materials and Methods


2.1. Microalgal Strain and Growth Medium


All experiments were conducted using the freshwater oleaginous microalga S. obliquus commonly used in biofuel production (30% lipids from its dry biomass) [23]. The microalgal isolate was kindly provided by the Department of Agricultural Microbiology, National Research Centre as a model microalgae for biodiesel production (S. obliquus NRCIbr1 accession No.: KY621475). The microalga was cultivated and maintained on Bold Basal Medium (BBM) with the following composition (per liter): 175 mg KH2PO4, 25 mg CaCl2·2H2O, 75 mg MgSO4·7H2O, 250 mg NaNO3, 75 mg K2HPO4, 25 mg NaCl, 11.42 mg H3BO3, and 1 mL from Microelement stock solution containing 8.82 g; ZnSO4·7H2O; 1.44 g MnCl2·4H2O, 0.71 g MoO3, 1.57 g, CuSO4·5H2O, and 0.49 g Co(NO3)2·6H2O, per liter, 1 mL of Solution 1 containing 50 g Na2EDTA and 3.1 g KOH per liter, and 1 mL of Solution 2 containing 4.98 g FeSO4 and 1 mL concentrated H2SO4 per liter and a final pH of 6.8.



Unless otherwise mentioned, S. obliquus cultivation was performed under continuous illumination using white fluorescence (2000 Lux) for two weeks and incubated under an ambient temperature.




2.2. Growth Parameters


The evaluation of microalgal growth was regularly performed using the measurements of the cultural optical density, and chlorophyll a content at two-day intervals and at the end of the cultivation period using dry biomass evaluation. The cultural optical density (OD) reflects the density of cells under different cultivation conditions, while chlorophyll content indicates the photosynthetic capacity of microalgal cultures and reflects their vitality [24].



2.2.1. Optical Density


Using a spectrophotometer (SHIMADZU UV-2401PC, Kyoto, Japan), the optical density of the samples at 680 nm was regularly used to estimate the microalga’s growth rate, as reported by [23]. Appropriate dilutions of dense microalgal cultures were carried out using deionized water before measuring the culture’s optical density.




2.2.2. Chlorophyll Content


The chlorophyll a content was determined according to Eida et al. [23]. In brief, 2 mL of microalgal culture was centrifuged at 10,000 rpm for 10 min (Centurion Scientific K3 series, Irvine, CA, USA) and the cell-free supernatant was discarded. The collected cells were re-suspended in 1 mL of 90% methanol, vortexed for 1 min, and subjected to sonication in an ultrasonic water bath (Ultrasonic Cleaner, SH80, USA) at maximum power for 15 min. After being vortexed for five minutes, the liquid was centrifuged, and the supernatant was poured into a fresh tube. To remove nearly all of the chlorophyll from the cells, additional extraction procedures were carried out using 1 mL of 90% methanol. The mixture was centrifuged once more following the second extraction, and the supernatant was added to the first portion of the extract. Finally, the volume was raised to 2 mL with 90% methanol, and the color intensity was measured at 650 and 665 nm. The chlorophyll a content was calculated according to the following formula:


Chlorophyll a (mgL−1) = (16.5 × A665) − (8.3 × A650)












2.2.3. Biomass Production


At the end of the experiments, the dry weight of the microalga per liter (gL−1) was gravimetrically calculated. Briefly, cells of S. obliquus from a 50 mL volume culture were collected by centrifugation at 8000 rpm for 10 min (Herarus Megafuge; Thermo ScientificsTM, Langensel Bold, Germany). The supernatant was discarded, and the harvested biomass was subjected to washing twice with deionized water and oven-drying overnight at 105 °C [25].





2.3. Lipid Contents


The total lipids were determined according to the common Bligh and Dyer method described by Eida et al. [23] with the following modifications according to: 100 mL of microalgae culture was harvested by centrifugation at 6000 rpm for 20 min and re-suspended in 1 mL distilled water. The sample was then mixed in a screw-capped glass tube with 2.5 mL chloroform and 5 mL methanol (1: 2 v/v) and then sonicated for 30 min at the maximum power. After sonication, the tubes were shaken with the extraction solvents overnight. The next day, an additional portion of chloroform (2.5 mL) was added to each tube and the mixture was sonicated again for 30 min and vortexed. Then, 2.5 mL of distilled water was added to separate the chloroform and aqueous methanol layers by centrifugation at 4000 rpm for 10 min (Herarus Megafuge; Thermo ScientificsTM, Langensel Bold, Germany). The chloroform layer was gently removed, and then the suspension was vortexed. The chloroform portions were collected and washed with 5 mL of 5% NaCl solution, after which the chloroform was evaporated in the oven at 50 °C. The total lipids were measured gravimetrically.




2.4. GC Characterization of Lipid Profile for Microalgae Samples


The fatty acid methyl esters were prepared for the GC analysis according to the methods adopted by Ichihara and Fukubayashi [26]. In brief, the lipid samples were dissolved in toluene (0.20 mL), placed in screw-capped glass test tubes, and mixed with 1.8 mL of 8.0% methanolic HCl (w/v) followed by heating at 100 °C for 1 h. After cooling to room temperature, 1 mL of hexane was vortexed with the mixture for the extraction of fatty acid methyl esters (FAMEs) followed by the addition of 1 mL of water to enable layer separation. The hexane layer was pipetted out and purified through a membrane filter for the GC analysis. The methyl esters of the fatty acids were analyzed by a gas chromatography system (Hewlett Packard, HP 6890 series, Palo Alto, CA, USA) equipped with an Alltech BPX70 Capillary Column (60 m × 320 μm × 0.25 μm) coated with 70% poly silphenyl-siloxane supplied with a flame ionizing detector. Fatty acid content was expressed as a percentage of the total fatty acids identified in the oil.




2.5. Materials and Design of Used Cultivation Systems


The main objective of this study was to explore and develop a microalgae cultivation system for the purpose of biofuel production, using common, economical, and locally available materials in Egypt. Thus, some common inexpensive materials were included for investigation as photobioreactor materials for culturing lipid-rich microalgae for biofuel production. Plastic bottles, glass basins, and plastic bags were used to evaluate their suitability for microalgae cultivation in comparison with the commonly used glass tubular photobioreactor. Aeration was provided by installing a cylindrical air sparger at the bottom of the examined photobioreactor design (glass tank, plastic bags, column, or plastic bottles). The dimensions of the air sparger that was connected with an air tube at the bottom of the reactor were 5 mL in length and 2 mL in diameter. Unless otherwise stated, illumination was provided by two side-mounted white fluorescent lamps located 15 cm from the microalgae containers.



2.5.1. Glass Tanks as Flat-Panel Photobioreactor (FPP)


The tanks were made of transparent flat glass panels with a thickness of 6 mm and dimensions of 10, 20, and 40 cm for width, length, and height, respectively. The culture capacity of the tanks was 6 L and the aeration and illumination were installed as previously described in glass tanks.




2.5.2. Plastic Bags as Flat Panel Photobioreactors (FPPs)


The plastic bags used in this study were transparent polypropylene sheets designed using a heat-sealing machine. Three sheet thicknesses, i.e., 7.5, 10, and 15 microns, were investigated, and the bags were manufactured with dimensions of 40 cm in width and 60 cm in height. The bags were welded from the top to facilitate their hanging on a stand made of plastic pipes and installed against the lighting lamps installed on the sides. The culture working volume capacity of the bags was 6 L, and the aeration and illumination were installed as previously described in glass tanks.




2.5.3. 6 L Plastic Bottles


Two types of domestically popular commercial polyethylene drinking water plastic bottles were investigated for microalgae cultivation. The first was 6-L transparent bottles in which the illumination was provided from outside as previously described. The second type was 18-L bottles in which illumination was provided by installing a white fluorescent lamp tube in a glass column sealed from the bottom vertically inside the bottle from the middle.





2.6. Optimization of Cultivation Conditions


Different cultivation conditions were studied to improve the biomass and lipid content of S. obliquus microalga as feedstock for biofuel production. The optimization conditions included the types of photobioreactor materials, thickness and design of plastic bags as flat-panel photobioreactors (FPPs), as well as the nitrogen sources for cultivation, aeration ratio, and light intensity.



2.6.1. Types of Photobioreactors Materials


As common and locally available materials in Egypt (and many countries), glass tanks, plastic sheets, and plastic bottles have been investigated as photobioreactor materials for microalgae cultivation. The material and dimensions of applied photobioreactors were previously described. S. obliquus microalga was inoculated in a sufficient volume of BBM medium and then divided into the different investigated photobioreactors. The cultivation in the investigated 6 L glass tanks, 6 L plastic bottles, 18 L plastic bottles, and plastic bags was compared with that of 1.5 L tubular glass photobioreactors. Aeration was provided, as previously described, at a rate of 1 L/min, and samples were tested at three-day intervals during the 15-day incubation period for OD, chlorophyll, and pH, while lipids and biomass were determined at the end of the incubation days.




2.6.2. Thickness of Plastic Sheets as FPP


Three different thicknesses of plastic sheets were used to construct the FPP algae plastic bags. The thicknesses were 7.5, 10, and 15 μm of transparent PVC and the dimensions of the bags, aeration, and lighting have been described before. The capacity of the applied bags was 6 L, and, thus, the depth of the FPP in the same bag differed, as it increased in the middle of the bags and decreased at the edges, and the different bag thicknesses had an effect on light absorption and differences in growth and biomass.




2.6.3. Plastic Bags Design


In addition to the thickness of the plastic material, the light penetration in a plastic-type FPP depends on the distance between the two bag layers. This distance can be controlled by making adhesion points between the two layers of the plastic bags at different distances. In this experiment, three different designs were applied in the plastic bags of 10 μm thickness to control the width between the two layers of the bags, as illustrated by Figure 1. Plastic bags without any adhesion points were used for cultivation as a control. According to the number of adhesion points (welding ports), the final volume of the differently designed bags were 10, 5, 4.5, and 4 L for the control, “2-port”, “4-port”, and “6-port” designs, respectively. Aeration, illumination, and other cultivation condition were performed as previously described for the freshwater microalga S. obliquus.




2.6.4. Nitrogen Source


The influence of the type of nitrogen source on the biomass and lipid production of Scenedesmus sp. was investigated. Different nitrogen sources, i.e., NaNO3, (NH4)2SO4, NH4NO3, KNO3, (NH4)2 CO3, and urea, were individually added to the BBM medium. The main nitrogen source of the BBM medium (NaNO3) was replaced with equal amounts of N from different sources. The cultivation was performed in the plastic-type FPPBRs under continuous illumination and aeration for 15 days. Samples for chlorophyll and pH measurements were obtained regularly, while the biomass and total lipid contents were determined at the end of the incubation period.




2.6.5. Light Intensity


The influence of light intensity was investigated as an important parameter for microalgae growth. Four different light intensities, i.e., 1000, 2000, 3000, and 4000 lux, were applied on the surface of the plastic-type FPPBRs for the cultivation of Scenedesmus sp. The distance between the plastic-type FPPBRs and the light source (two white fluorescent lamps) was adjusted in order to control the light intensity. Cultivation was performed in triplicate, and other growth conditions and sampling was performed as previously described.




2.6.6. Optimization of Air Flow


The effect of airflow was studied as an important parameter for microalgae growth. Four different airflows were applied to the designed plastic-type flat panel photobioreactor to cultivate the microalga S. obliquus. Air was pumped into the examined bioreactor at different flow rates, i.e., 0.5, 1, 1.5, and 2 L per minute, and ventilation was provided by installing a cylindrical air exchanger below the photobioreactor. The dimensions of the air diffuser (or sparger) used were 5 mL in length and 2 mL in diameter connected to the air ducting tube at the bottom of the reactor. Unless otherwise noted, illumination was provided by two side-mounted white fluorescent lamps located 15 cm from the microalgae containers.





2.7. Biodiesel Production


The microalga S. obliquus was cultivated under optimized conditions (from the previously examined experiments). The biomass was harvested by centrifugation, and the total lipids were extracted. The extracted lipids were converted to biodiesel (FAME) according to the method described before. The characteristics of the produced biodiesel were determined according to the fatty acid profile of the GC analysis.




2.8. Statistical Analysis


All experiments were performed in triplicate and the results were presented as average ± standard error. The averages of data for each experiment were statistically analyzed using analysis of variance using IBM Corp, released 2011, IBM SPSS Statistics for Windows, Version 20.0. Armonk, NY, USA: IBM Corp., and the means were compared using the Duncan Multiple Range Test at 0.05% probability.





3. Results and Discussion


3.1. Screening Different Cultivation Containers for Microalgal Growth


Growing microalgae in closed systems has many requirements, including the provision of light and ventilation with an adequate carbon dioxide percentage. These closed systems for growing algae, or so-called photobioreactors, are built from many materials, which include glass, plastic, and polymers, that must provide the property of light transmittance [27,28]. Some common materials for microalgae cultivation were screened, in this study, for their suitability to cultivate the oleaginous microalga S. obliquus to be used as biodiesel feedstock. Different types of containers, i.e., plastic bottles, glass basins, and plastic bags with three different thicknesses (7.5, 10, and 15 µm), were evaluated compared to the commonly used glass tube photobioreactor.



S. obliquus growth was represented as the total dry biomass per liter of culture in addition to the optical density of the culture in the different cultivation containers. According to the data in Figure 2, the algal biomass production from the tubular glass column was much higher than the microalgae production from the plastic bottles as well as the 7.5 and 15 μm thick plastic bags. However, the biomass production from the glass basin was slightly lower than the amount produced from the glass column and slightly higher than the productivity obtained using the 10 μm thick plastic bags. The light intensity of S. obliquus cultures during the 15-day growth period in the different culture containers was also variable in a manner similar to the biomass productivity of the same cultures. However, the optical densities of the 10 μm thick plastic bags recorded the lowest values during the period of greatest cultivation (Figure 3a). On the other hand, the pH values of the algae cultures grown in different containers showed different values, but, in general, these values increased as the incubation period passed. The pH values increased from around 7 at the beginning of incubation to 10.5 at the end of the incubation period when grown in glass tubes, while they rose to only 8.5 when grown in 10-micron plastic bags (Figure 3b). It is worth noting that, although the design and dimensions of the plastic bags used to grow the algae were close to the dimensions of the glass tanks used in the same experiment, the growth and biomass results were clearly different. The obtained results point out the importance of the container type for the vigorous growth and biomass production of microalgae. This could be due to the direct impact of the container’s material on the light penetration into the photosynthetic microalgal cells. Light is a critical factor that affects the activity of photosynthetic microorganisms which, in turn, affects their biomass productivity as well as their cellular contents [29]. The difference in growth and biomass production of photosynthetic microalgae when using cultivation containers of different designs or materials may be due to the difference in the degree of light transmittance to the cells inside [17]. When choosing the materials used in the implementation of microalgae photobioreactors, in addition to the light transmittance factor, the cost factor of the material used, and the possibility of its repeated use, must be taken into account [29].



It is worth noting that the results of biomass and growth in plastic bags with thicknesses of 10 microns and 7.5 microns were not significantly different from their counterparts in glass basins or glass tubes (Figure 2). A similar study that compared plastic bags, glass columns, and glass tanks as closed photobioreactors for microalgae also recommended the use of plastic bags on the basis of their appropriate biomass productivity and economic cost [30]. Hence, based on the obtained results and taking into account the price of plastic bags, the rest of the experiments were performed using plastic bags with a thickness of 10 microns as cultivation containers for the oleaginous microalga S. obliquus.




3.2. Optimization of Plastic Bag Design on Microalgal Growth


Based on the data obtained from the previous experiment, plastic bags with a thickness of 10 microns were selected for designing a microalgal flat panel photobioreactor. Hence, the plastic bags were designed for microalgae cultivation by controlling the distance between their two layers by controlling the distribution of the adhesion points (welding ports) (the control bag did not receive any ports of adhesion, hence, it contained more cultural volume (10 L) as well as a wider distance between its two sides). The “2-port”, “4-port”, and “6-port” designs resulted in lower culture volumes, i.e., 5, 4.5, and 4 L. According to the results presented in Figure 4a, the S. obliquus biomass production from the “4-port” design was significantly higher than that of all other designed reactors including the control design. Based on the distribution of circular attachment points for plastic bag photobioreactors, the “4-port” design provides the lowest lateral thickness of the culture. This design is supposed to provide better light distribution and penetration through the microalgae culture. Although the “6-port” design has the largest number of adhesion points, their arrangement in one vertical line (in the middle of the bags) makes them less efficient in distributing the points and, thus, thicker in terms of light penetration and less efficient in distributing and penetrating light. Likewise, the efficiency of air distribution and gas exchange of algal cells is affected based on the distribution of side attachment points (ports) of photobioreactors in plastic bags. The distribution of these points affects the thickness of the culture and, at the same time, represents barriers that slow down the passage of air and thus increase gas exchange. Therefore, the “4-port” design is supposed to provide better air distribution through the microalgae culture, supporting the higher results obtained regarding biomass and chlorophyll. Regarding lipid content (Figure 4b), the highest percentage of lipid content in S. obliquus dry biomass, i.e., 39%, was recorded in the case of the “4-port” design followed by the “2-port” design (36%), without significant difference. However, while the lipid percentage of the “6-port” (33.4%) design was lower than that of the “2-port” and “4-port” designs, it was higher than that produced by the control treatment (29.9%). On the other hand, all growth parameters represented as optical densities (ODs) and total chlorophyll (Figure 5a,b) revealed good growth for all cultivations in all the plastic bags used. However, the highest OD values were recorded for the “2-port” and “4-port” designs, which were compatible with the higher biomass productivity of the plastic-type flat panel photobioreactors. In addition, the cultural pH values (Figure 5c) for all treatments were increased during the first three days of incubation, from 8 to 9 in the case of the control treatment, while this increase was higher for the rest of the treatments. According to the designs of the “2-port” and “4-port” plastic bags, the light penetration and air distribution could be higher than that of the “6-port” and control bags. This might be ascribed to the fact that light and aeration are crucial for the highest microalgal biomass and lipid production in such FPPBRs. A similar conclusion was reached by Chen et al. [6] based on their experiments on the cultivation of Chlorella sp. in plastic bags as FPPBRs. The industry productivity of microalgae for different applications is significantly influenced by the light and aeration efficiency. Although artificial light and aeration can increase the cost of microalgal production, their sufficient supply is important for efficient productivity [29]. In general, the FPPBR as a microalgal growing system provides a broad surface area for light radiation, resulting in great light-consumption efficiency and the ability to avoid dark zones in the microalgae suspension [28].




3.3. Optimization of N-Source


Nitrogen is an important nutrient for microalgae growth, and its presence in the appropriate form and concentration is essential for rapid growth and biomass production, especially during the early growth stages. In addition, the form and concentration of the nitrogen supplement in the growth medium has an effect on the quantity and types of fatty acids produced by microalgae, which affects the biodiesel extracted from the biomass [31]. Hence, in this experiment, different nitrogen sources were individually supplied to an S. obliquus culture medium in order to optimize its growth, biomass, and lipid quantity and quality for biodiesel production. According to the obtained results, the application of the different N sources in the BBM medium had different impacts on the growth and production of algal biomass, as well as the lipid content of the produced S. obliquus biomass. Figure 6a indicates that the highest biomass production was achieved in the growth medium containing urea, followed by that produced using ammonium nitrate as the N supplement (2.7 and 2.3 g/L, respectively). However, the biomass produced in the urea growth medium was 30% and 82% higher than those produced using sodium nitrate and ammonium sulfate as N supplements, respectively. Moreover, the percentage of lipids in the algal biomass (Figure 6b) harvested from the urea growth medium (39%) was higher than those obtained from all the examined media. The lipid content of the S. obliquus grown with urea as a nitrogen source was 2.25 and 3.8 times higher than that of the samples grown with sodium nitrate and ammonium sulfate, respectively. Although the optical density of microalgae in cultures grown with different nitrogen sources did not show obvious differences, the difference was evident in the case of chlorophyll content (Figure 7a,b). The percentage of chlorophyll increased in the different cultures, but the highest increase was reached by applying urea as an N source. This higher chlorophyll content points to higher biomass production in the medium containing urea as an N source. On the other hand, the pH of the culture increased by increasing the cultivation period, with a maximum pH increase of 10 recorded in the culture medium containing sodium nitrate as an N source (Figure 7c). Microalgae can mainly use many inorganic N sources, while some can use organic N sources, such as urea, yeast extracts, amino acids, etc. [32]. Although many studies have shown that sodium nitrate is the best form of nitrogen for the growth of many microalgae [2,33], many studies have reported other N forms. Urea, ammonium carbonate, and ammonium nitrate were recommended for obtaining the highest biomass and lipid productivity from many oleaginous microalgae for biodiesel production [34,35,36]. Because urease-producing microalgae may utilize urea as a nitrogen (N) source, urea has been associated with microalgae growth. Many microalgae including Scenedesmus spp. have the ability to utilize urea by converting it into ammonia (and CO2) by the action of urease enzymes [37]. The produced ammonia is more readily absorbed by the cell membrane and converted into amino acids during protein translation than NO2 and NO3 [38]. In addition, urea may serve as a source of carbon (C) to meet additional growth requirements when dense microalgae growth creates alkaline conditions and the dissolved CO2 concentrations are vanishingly low [39]. In addition to the high biomass and lipid productivity of microalgae when using urea as an N source, the relatively low price of urea represents an additional economic advantage [40]. The production of biodiesel from microalgae biomass requires reducing the production cost to make this process less expensive and scalable on a commercial and economic scale.




3.4. Optimization of Light Intensity


Photosynthesis is one of the most important metabolic processes in microalgae, which affects their growth and the types and quantities of their biological metabolites. In addition to carbon dioxide, water, and mineral elements, the process of photosynthesis depends mainly on light, which can be provided to microalgae cultures through sunlight or artificial lighting [41]. Light intensity is an important factor in determining the photosynthesis efficiency of microalgae cells during growth and, thus, biomass yield and lipid content. Therefore, this experiment was designed to test the growth of S. obliquus under different light intensities to maximize biomass and lipid production. Plastic bags were used as flat photobioreactors, and fluorescent lamps were placed at a distance from them to give the required lighting intensities, i.e., 1000, 2000, 3000, and 4000 lux. According to the data illustrated in Figure 8a, the maximum S. obliquus biomass (around 3 g/L) was collected from the culture subjected to continuous 3000 lux white illumination. This value was significantly higher than the other lighting intensities, with 25, 105.5, and 142% of the biomass resulting from microalgal cultures exposed to 2000, 1000, and 4000 lux, respectively. Regarding lipid contents, the microalgal culture exposed to 3000 lux of illumination produced insignificantly higher lipids than the culture supplied with 2000 lux (11.6% difference). In contrast, the percentage of lipid content was higher with a significant difference of 38% and 87% for the cultures exposed to 4000 lux and 1000 lux, respectively. Regarding the cell density, expressed as optical density (Figure 9a) in the microalgae cultures under different light intensities, it was more or less representative of the result of the biomass produced from the same cultures. The percentage of chlorophyll in the cells under different lighting treatments (Figure 9b) was very similar, despite the difference in the percentage of biomass in each of them. On the other hand, the pH levels of the S. obliquus cultures (Figure 9c) during the growth periods were close and almost constant until the end of day 12. After that, the pH values in the 3000 and 4000 lux treatments increased slightly (about 9.3 for both treatments). The appropriate light intensity levels for microalgae growth vary from one species to another and also vary according to the byproduct that will be produced from the algae [42,43]. Vélez-Landa et al. [44] studied three levels of light intensity, i.e., 1000, 2000, and 3000 lux, in cultivating the microalga Verrucodesmus verrucosus (in a three-liter photobioreactor) as a biodiesel feedstock. Based on the microalgal biomass (through the cell count), lipid content, and fatty acid profile of the extracted lipids, the light intensity of 2000 lux was reported as the optimum illumination condition. Another study by Gao et al. [41] reported that the best light intensity for the growth of the marine microalga C. vulgaris was 5000 lux. However, 2000 lux has been recommended as the optimal light intensity for microalgal growth in several related studies [45,46], while 4000 lux has been reported in other studies [47]. It is worth noting that providing adequate illumination for microalgae to obtain the highest yield of lipids and biomass as biofuel feedstock must also be taken into consideration from an economic perspective. The use of an artificial illumination source increases the operational cost of photobioreactors. Thus, in order to minimize artificial lighting and thereby lower the financial cost, efforts must be made to replace artificial lighting sources with sustainable lighting sources, such as sunshine in photobioreactors.




3.5. Optimization of Air Flow


Aeration and agitation are important factors in photobioreactors and algal growth. Algae usually obtain the carbon dioxide they need from the atmosphere, where it dissolves in the algae’s environment, and they benefit from it. Pumping air into the algae culture at an appropriate rate provides sufficient carbon dioxide and the necessary circulation for the algal cells. However, excessive stirring and aeration may cause shearing effects and damage to the cells and reduce growth. Additionally, the excessive dissolved oxygen in the photosynthetic algal cultures is considered a suppressive growth agent [48,49]. Therefore, controlling the aeration rate in microalgae fermenters is considered one of the factors determining their growth and production of active biological materials, in addition to determining the economics of algae production. To determine the appropriate level of S. obliquus during cultivation in the plastic bag bioreactor designed in our study, four levels of aeration were tested, i.e., 0.5, 1, 1.5, and 2 L/min. According to the results obtained (Figure 10a), the S. obliquus biomass produced from the 1 L/min aerated bags was significantly higher than that produced under the rest of the aeration rate treatments. The dry biomass resulting from this treatment (2.7 g/L) was 17.4, 35, and 50% higher than that resulting from the 1.5, 2, and 0.5 L/min treatments, respectively. It should be noted that there was no significant difference between the biomass produced from the 0.5 and 2 L/min treatments, as was the case between the biomass produced from the 0.5 and 2 L/min treatments. Regarding the percentage of lipids in the algal biomass (Figure 10b), the highest percentage resulted from the 1.5 L air/min treatment (44%), followed by the 1 L/min treatment (32.7%). The lipid levels in the aeration treatments with 0.5 and 2 L air/min were significantly lower than those of the 1 and 1.5 L air/min treatments. On the other hand, the culture optical density, chlorophyll contents, and pH (Figure 11a–c) of the S. obliquus cultures exposed to different aeration rates were relatively similar. It was noted that the optical density and chlorophyll were lower and the pH was higher for the farm exposed to a rate of half a liter of air per minute than for the rest of the treatments. The decrease in biomass and lipid production as well as chlorophyll content in the case of the 0.5 L air/min treatment indicates that this rate is insufficient to provide CO2 and sufficient agitation to the microalga. In addition to aiding gas exchange and providing the carbon dioxide needed for algae growth, aeration of PBRs helps stimulate the culture, helping each cell to obtain enough nutrients, carbon dioxide, and light exposure [50]. However, the relatively low lipid content of the treatment using 2L air/min could be a result of excessive aeration and mixing rates which may damage the microalgal cells. According to the results of growth, biomass, and lipids, an air injection rate of 1.5 L/min (under experimental conditions) can be considered the best. It is worth noting that this aeration rate (1.5 L of air/min) is equivalent to 0.3 VVM (volume per volume per minute) of algae culture, taking into account that the capacity of the designed plastic-type photobioreactor is five liters. The same aeration rate was recommended by Thanh et al. [51] through their study on the effect of the air injection rate on cell biomass and lipid content of Scenedesmus quadricauda in a flat plate photobioreactor. They reported that “the best air injection rate for saving injection energy among 5 to 65 L/min was 15 L/min”, which is equal to 0.33 VVM (taking into account the final volume of the culture, i.e., 45 L). Likewise, in another study, Thanh et al. [52] confirmed the increase in growth and vital mass for S. quadricauda (cultivated in a column photobioreactor) with an increase in the ventilation rate. However, the same study also confirmed that an aeration rate higher than 0.6 VVM caused a decrease in both the growth rate and the concentration of biomass.




3.6. Biodiesel Production from S. obliquus under Optimized Conditions


Cultivation conditions optimized for biomass and lipid contents were applied from previous experiments to grow the freshwater oleaginous microalga S. obliquus for use as biodiesel feedstock. The optimization conditions included cultivation of the microalga in a flat panel photobioreactor manufactured from a 10 µm-thick plastic sheet with dimensions of 40 cm in width and 60 cm in height. The width of the designed plastic bags was adjusted by the addition of “4 ports” of adhesion points which made the volumetric cultural capacity 5 L. Cultivation of the microalga was optimized through the replacement of the sodium nitrate of the BBM medium with urea as a nitrogen source. Cultivation bags were subjected to continuous illumination with 3000 lux white fluorescent lamps and aerated with 1.5 L air/min (equal to 0.3 VVM). After an incubation period of 15 days, the harvested biomass (3 g/L) was extracted with a chloroform/methanol solvent mixture and the extracted lipid (40% based on dry weight) was converted to fatty acid methyl ester (biodiesel) through acid esterification. The produced biodiesel was analyzed by GC-Ms to identify its fatty acid content, which reflects the suitability of this biodiesel as biofuel (Figure 12). According to the obtained results of the produced biodiesel fatty acid profile (Table 1), the percentage of C16 and C18 fatty acids was higher than 90% of the defined fatty acids, and out of this percentage, 66.6% were unsaturated fatty acids. The relatively high percentage of palmitoleic acid as well as palmitic acid in the S. obliquus under the study conditions indicates its suitability as a feedstock for the production of biodiesel. A similar conclusion was stated by Touliabah et al. [53]; according to their lipid analysis, more than 70% of the lipids were composed of C16:0 and C16:1 palmitic and palmitoleic acids. There was a high percentage of low-density fatty acids, which are thought to be the best fatty acids for producing biodiesel with a very high technical grade [23]. Accordingly, S. obliquus is considered a suitable candidate to produce biodiesel feedstock using the designed plastic-type photobioreactor after controlled cultivation. Although the high growth rate of microalgae and their lipid content make them suitable as a biodiesel feedstock, their use in biofuel production is still uneconomical [54]. Extending laboratory-scale PBRs to commercial applications requires modification and optimization of all production conditions, including economic and technical aspects. The materials used in the manufacture of microalgal PBRs, as well as the cultivation conditions, can play an important role in determining the amount of biomass and quality of lipids obtained. In addition, such parameters are considered as the base stone determining the economics of commercial-scale production. Further research could improve the economics of biomass and lipid production from microalgae. The dual use of algae in wastewater treatment/biodiesel production, for example, can offset the high cost of producing biofuel by adding an environmental dimension to the production process.





4. Conclusions


Enhancing the biomass and lipid productivity of microalgae is an essential step towards expanding their commercial use for the production of many useful products, such as biofuels and especially biodiesel. This enhancement of algal productivity can be achieved by using cultivation systems suitable for intensive production, using available and economical raw materials, and with appropriate designs such as flat plastic photobioreactors. Providing suitable cultivation conditions, such as nitrogen source, airflow, and light intensity, plays an important role in maximizing the biomass and lipid productivity of microalgae. In addition, the material and design of plastic flat-type photobioreactors also play an important role by enabling light penetration and diffusion, and aeration distribution for the bulk microalgal culture. The fatty acid profile of the lipids produced by S. obliquus through the designed system and under optimized conditions is suitable for biodiesel production. Such findings are considered a promising step in extending research efforts in this field for a sustainable environment.
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Figure 1. Plastic bag designs as flat-panel photobioreactor(s). 
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Figure 2. Biomass production of S. obliquus under different cultivation containers. Different lowercase letters in the figure represent significant differences (p < 0.05). 
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Figure 3. Optical density at 680 nm (a) and cultural pH (b) of S. obliquus cultivated in different containers. 
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Figure 4. Biomass production (a) and lipid contents (b) of S. obliquus cultivated in different plastic bag FPPBRs with different designs. Different lowercase letters in the figure represent significant differences (p < 0.05). 
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Figure 5. Optical density at 680 nm (a) and chlorophyll contents (b) and cultural pH (c) of S. obliquus cultivated in different plastic bag FPPBRs with different designs. 
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Figure 6. Biomass (a) and lipid content (b) of S. obliquus cultivated using different nitrogen sources. Different lowercase letters in the figure represent significant differences (p < 0.05). 
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Figure 7. Optical density at 680 nm (a), chlorophyll contents (b), and cultural pH (c) of S. obliquus cultivated under different nitrogen sources. 
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Figure 8. Biomass (a) and lipid content (b) of S. obliquus cultivated under different light intensities. Different lowercase letters in the figure represent significant differences (p < 0.05). 
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Figure 9. Optical density at 680 nm (a), chlorophyll contents (b), and cultural pH (c) of S. obliquus cultivated under different light intensities. 






Figure 9. Optical density at 680 nm (a), chlorophyll contents (b), and cultural pH (c) of S. obliquus cultivated under different light intensities.



[image: Sustainability 16 03148 g009]







[image: Sustainability 16 03148 g010] 





Figure 10. Biomass (a) and lipid content (b) of S. obliquus cultivated under different aeration rates using air. Different lowercase letters in the figure represent significant differences (p < 0.05). 
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Figure 11. Optical density at 680 nm (a), chlorophyll contents (b), and cultural pH (c) of S. obliquus cultivated under different aeration rates using air. 
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Figure 12. GC-MS graph of biodiesel produced from S. obliquus cultivated in the designed plastic-type flat panel photobioreactor under optimized conditions. 
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Table 1. Fatty acid profile of biodiesel produced from S. obliquus cultivated in the designed plastic-type flat panel photobioreactor under optimized conditions.
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	Fatty Acid
	Carbon Chain/Saturation
	% of Defined Fatty Acids
	Notes





	Palmitic acid
	C16:0
	23.9
	Saturated



	Palmitoleic acid
	C16:1
	56.0
	Unsaturated



	Oleic acid
	C18:1
	7.5
	Unsaturated



	Linolenic acid
	C18:3
	3.1
	Unsaturated



	Other fatty acids
	<C16 or >C18
	9.5
	ND
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