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Abstract

:

In this work, the path from the cultivation of Arthrospira platensis at an increased concentration of CO2 to the production of bio-oil by hydrothermal liquefaction (HTL) of the grown biomass is realized. The cultivation was carried out in a 90 L photobioreactor at an initial CO2 concentration of 8 vol.% for 15 days. During the cultivation stage, the optical density for microalgae suspension, pH and chemical composition of nutrient medium were monitored. The grown biomass was separated from the nutrient medium with a 100 µm mesh and then subjected to HTL at 330 °C for 1 h. The biomass growth rate was 82 ± 4.1 mg × L−1day−1 and the pH was in the range from 9.08 ± 0.22 to 8.9 ± 0.24. Biochemical and CHNS analyses were applied for the obtained biomass. The contents of carbohydrates, proteins and lipids in the grown biomass were 38.7 ± 0.4 wt.%, 37.4 ± 0.5 wt.% and 3.8 ± 0.4 wt.%, respectively. Bio-oil yield after the HTL procedure was 13.8 wt.%. The bio-oil composition and properties were determined by GH-MS, TLC-PID and ICP-MS techniques. ICP-MS revealed the contents of 51 metals in bio-oil.
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1. Introduction


The growth of the world’s population and mass urbanization entail an increase in industrial production volumes that, in turn, require huge energy consumption. According to estimations [1,2], energy resource consumption is going to increase by 1.3% per year on average during the next 10 years, and at the same time, 80 percent of the currently consumed energy comes from fossil fuels. This is of concern due to the huge amount of greenhouse gas emitted into the atmosphere during the extraction and use of fossil fuels. It is a well-known fact that the CO2 concentration in the atmosphere has doubled over the last century and that this speeds up the process of global warming [3,4]. The change in oil prices and the COVID-19 pandemic have also worsened the situation of carbon dioxide emissions [5]. The other worrying point is the pollution of the world’s oceans, where waters are subjected to millions of tons of oil annually due to, for example, different kinds of accidents involving oil tankers or offshore oil platforms or due to natural oil seepage into the ocean [6]. Obviously, the existing environmental threats point to the need to reduce the volume of fossil fuel production and search for alternative energy sources, which is supported by the Paris Agreement of 2015 under the UN Framework Convention regarding climate change.



A promising alternative energy option is biofuel. This kind of fuel is produced from plant raw materials and causes no harm to the atmosphere as the carbon released during its combustion is absorbed with the growth of biomass, which makes it possible to consider the CO2 process as neutral. Additionally, the advantage of such an energy source lies in the similarity of some physical properties of biofuel and fossil fuels, so that gives the opportunity to use biofuels as a future energy source [7].



The study of third-generation biofuels properties, methods and prospects is of great interest. Using this method, microalgae cultures are the substrate for energy production, the grown biomass of which is then subjected to chemical or thermal treatment to produce biofuels [8]. Microalgae have a number of advantages in comparison with other raw materials. These organisms are characterized by a high growth rate and they require much less water during cultivation [9]. Moreover, when using microalgae as a fuel source, there is no conflict with agriculture as the cultivation can take place on land unsuitable for agriculture. Microalgae are being used for wastewater treatment to extract nutrient resources from undrinkable water, which implies the further biomass usage for energy production [10,11]. Like plants, microalgae are autotrophic organisms; under the influence of sunlight, they are capable of oxidizing inorganic compounds to organic compounds. This is why it is very important to develop technologies for capturing the CO2 emissions produced by microalgae [12]. This property also allows us to combine the process of utilization of excess carbon dioxide in the atmosphere and produce biofuel from the obtained biomass, making this process closed.



Some methods for growing microalgae biomass under the stressful conditions caused by a high content of carbon dioxide in the environment are being investigated. One of the most accessible and widespread types of microalgae for such studies is Arthrospira platensis. Both open pounds and closed ones, for example, photo bioreactors with an artificial light source, can be used to increase biomass production. Besides CO2 concentration, factors such as temperature, light intensity, pH, the nutrient medium and aeration also have an influence on the rate and efficiency of microbial growth [13]. In turn, the CO2 concentration in the gas–air environment during the microalgae cultivation affects not only the growth of the culture but also the biochemical composition of the biomass, which makes it possible to obtain a biomass richer in lipids or carbohydrates for further processing of the biomass into biodiesel or bio-alcohol, respectively. Therefore, some factors affecting the content of carbohydrates in the biomass of Arthrospira platensis were studied in [14]. Cultivation was carried out in a Zarrouk-modified medium with a reduced content of nitrogen-containing salts and with the use of fly ashes and a constant CO2 concentration of 2%. At the same time, a carbon dioxide–air mixture was added to the bubbling reactor every 40 min in the ratio of 1:9. Such an experiment made it possible to increase the content of carbohydrates in the final biomass up to 50%, so it can later be used for more efficient production of bioethanol.



In [15], an experiment was carried out for Arthrospira platensis cultivation in an atmosphere containing 15% CO2. It was shown that adding CO2 leads to an increase in the total sugar concentration for the further producing of biomass into biogas. The experiment was also carried out to study the efficiency of Arthrospira platensis biomass growth in atmospheres containing 2, 5, 10 and 15 vol.% of carbon dioxide [16]. The experiment showed that a CO2 concentration increase had a positive effect on the growth of microorganisms in comparison with the control sample that was grown under atmospheric conditions. However, the maximum growth rate was shown by microalgae grown in CO2 at 10%; this means that further increases in carbon dioxide concentration could have a harmful effect on the cultivation efficiency. It was also seen in this experiment that when increasing the concentration of carbon dioxide, the biochemical composition of the biomass changed in favor of a significant increase in carbohydrate content. According to [17], Arthrospira platensis is tolerant to a CO2 concentration of 12% in the atmosphere, which also confirms the possibility of its use as a CO2-capture agent. In this way, we can say that the use of Arthrospira platensis is very effective for capturing atmospheric CO2 and that this process allows the further processing of the biomass into biofuel.



A lot of research has also been carried out to study the effectiveness of CO2 fixation and the further processing of the obtained biomass into biofuel for other types of microalgae. The influence of CO2 concentration in the atmosphere on lipid content in biomass for further processing into biodiesel has been studied [2,18,19]. The growth rate of different strains of microalgae according to CO2 concentration in the atmosphere and in flue gas was compared in [2]. It was shown that the growth of an organism can be inhibited due to the presence of such strong oxidizing agents as sulfur- and nitrogen-containing oxides. It was found that a CO2 concentration increase in the gas–air environment has a different effect on different types of microalgae: depending on microalgae strain, the CO2 concentration increase in the gas–air environment leads to an increase or decrease of the biomass growth rate. Another reported investigated Desmarestia viridis growth in conditions of increased CO2 concentration and nitrogen deficiency, which led to a 21% increase in the lipid part of the biomass [18]. The strain Micractinium sp. was also cultivated using different CO2 concentrations, light intensities and cultivation times [19]. As with the previous samples, the microalgae showed a greater productivity with the increased CO2 concentration in the atmosphere and was also characterized by a high lipid concentration. At a 10% CO2 concentration the average lipid level was about 30% of the total mass, which is a promising indicator for the further processing of this biomass into biodiesel. Therefore, the analysis of the studied works shows the efficiency of microalgae use as guides for atmospheric CO2, fixing and also the necessity for the further studying of biomass cultivation methods under stress conditions to obtain biofuel.



The microalgae biomass extracted after cultivation can be processed in various ways depending on the type of biofuel required. Therefore, biochemical methods for biomass processing are mainly used to produce bio-alcohol (ethanol/butanol) or biogas (methane/hydrogen) [20]. Other types of biofuel, such as biodiesel or bio-oil, can be separated from microalgae chemically and thermally. The traditional method of biomass processing into biodiesel is to extract its lipid part with further interesterification by various alcohols [21]. However, the peculiarities of microalgae biomass, such as a high moisture concentration (80–90%), make this method of biofuel production economically and energetically unprofitable, as water presence in the lipid part of the biomass reduces the efficiency of interesterification and, moreover, the use of pre-drying requires more energy than can be obtained after biodiesel combustion [22]. The high moisture concentration in the biomass also makes such methods as pyrolysis and gasification ineffective from the point of energy production [23]. Currently, in connection with this fact, the use of hydrothermal technologies, in particular hydrothermal liquefaction (HTL), has attracted the greatest interest for the production of bio-oil from microalgae [24]. When using this method, the method of biomass processing occurs at a near critical state for the solvent and, consequently, at a high pressure. In the case of microalgae, water is often used as a solvent and the temperature varies from 250 to 350 °C for biomass production [25]. This method of biomass processing makes it possible to forego pre-drying and gives the opportunity to make the process of bio-oil production uninterrupted. The bio-oil produced by HTL has a higher calorific value than the crude biomass and bio-oil obtained as a result of pyrolysis, which is also an undoubted advantage of this method [26].



Due to the fact that microalgae are very promising source of bio-oil, in this article we decided to describe the whole process for Arthrospira platensis microalgae—from the growth under stressful conditions with the increased CO2 concentration to the transformation of this biomass into bio-oil—and to study its properties.



The main targets of this work:




	
Analysis of CO2 sequestration efficiency by the method of CO2 absorption by Arthrospira platensis and biomass conversion into bio-oil;



	
Analysis of bio-oil properties.









2. Materials and Methods


2.1. Plan of Experiments


The block scheme with the experiment plan description is shown in Figure 1. Biomass cultivation was carried out in an atmospheric gas chamber in a tubular photobioreactor (PBR) with a volume of 90 L for 15 days; samples were taken for analysis on the 0, 5th, 10th and 15th days. The pH and the components of the nutrient medium (by spectrometry) were assessed. The cultivation experiment was completed on the 15th day as planned; the suspension was passed through a sieve with a cell diameter of 100 microns to separate the microalgae. The moisture content, biochemical concentration and elemental analysis (CHNS) of the microalgae were determined from the one part of biomass. The remaining concentrated biomass was treated with HTL for bio-oil production. The bio-oil was analyzed using the following methods: GC-MS, TLC-FID and MS-ICP.




2.2. Microalgae Strain


The clone culture Arthrospira platensis rsemsu 1/02-P was used as the microalgae; the original strain was taken from the lake of the Chad Republic in its North. This strain is a producer of unsaturated fatty acids and protein in normal cultivation conditions. The initial cultivation of microalgae took place in an open-type cultivator with an atmospheric CO2 concentration in Zarruk’s medium in a semi-continuous way, with a temperature of 21 °C and lightning of 25 ± 3 µmol/m2 × s. The content of Zarrouk’s medium: FeSO4 × 7H2O—0.018 g × L−1, KNO3—3.0 g × L−1, K2HPO4 × 3H2O—0.66 g × L−1, NaHCO3—16.8 g × L−1, K2SO4—1.0 g × L−1, NaCl—1.0 g × L−1, MgSO4 × 7H2O—0.2 g × L−1 and CaCl2—0.04 g × L−1, the addition of microelements for Zarrouk’s medium is 1 mL × L−1.




2.3. The Scheme of the Atmospheric Gas Chamber and Photobioreactor


Microalgae cultivation experiments were carried out in a PBR placed in an atmospheric gas chamber. The detailed description for the PBR and the atmospheric gas chamber can be found in our previous work [27]. In this article, we give a brief description. The PBR is shown in Figure 1 and is a vertical tube made from acrylic plexiglass with a volume of 100 L (the tube has an internal diameter of 30 cm and a height of 150 cm) that has LED strips along its perimeter that give a maximum lightning of 14–14.4 kLx and a lighting directly behind the wall of the PBR of 12.1–13.4 kLx.



The atmospheric gas chamber has a volume of 12 m3 and is used to create a controlled gas environment with a constant volume (gas concentration, temperature and humidity). A total of 12 thermocouples are installed along the perimeter of the atmospheric gas chamber to measure the temperature, as well as gas analyzers for measuring carbon dioxide, sulfur dioxide, oxygen, carbon monoxide, methane, ammonia, sulfur dioxide and nitrogen dioxide. The atmospheric gas chamber is equipped with a programmable heater and cooler to maintain a constant temperature. All of the temperature, pressure, gas concentration and humidity data are monitored in real time and stored in the recording system, from which they are then transferred to a personal computer. The concentration of the required gas is prepared by using a connected set of balloons with the required gas; the gas is pumped out from the chamber with the help of a vacuum pump. Gas mixing is performed by a compressor. The gas is supplied to the PBR from the atmospheric gas chamber by bubbling.




2.4. Installation for the Hydrothermal Liquefaction of Microalgae


The installation is a laboratory bench with an autoclave reactor. The autoclave reactor volume is 0.9 L. The maximum pressure is 40 MPa. The maximum heating temperature is 400 °C. Heating is performed with the help of a PID controller. The temperature was controlled by two thermocouples installed on the outer top and side surfaces of the reactor. The reactor and the thermocouples were placed in an insulated environment to prevent heat losses. Pressure changes in the reactor were measured by the manometer connected to the reactor.




2.5. The Experimental Methodology


2.5.1. Microalgae Cultivation and Collection of the Resulting Biomass


A concentrated suspension of microalgae was poured into a clean PBR with distilled water in Zarrouk’s medium up to a total volume of 90 L. Then, a constant lightning was set up on the PBR, the bubbler was connected to the supply gas from the atmospheric gas chamber into the PBR without interruption; the gas was supplied through the bottom of the PBR. The compressor was switched on for continuous mixing of the gas phase in the atmospheric gas chamber. Then, the atmospheric gas chamber was closed, carbon dioxide was supplied through the opened gas valve to create the appropriate concentration in the atmospheric gas chamber of 8.00 vol.%. Afterwards, the valve was closed to seal the chamber. The temperature in the chamber was kept constant: 27 ± 1 °C. On the 0, 5th, 10th and 15th days of the experiment, a sample of the suspension was taken from the PBR to determine the biomass density, as well as to determine the concentration of nutrients (the full list of nutrients is in Section 2.6.4). The biomass obtained on the 15th day was filtered using a sieve. The sieve was a stainless-steel mesh with a size of 100 microns and an inner diameter of 30 cm. As the obtained biomass was wet, its moisture content was determined. The biomass drying was performed in a Binder VD53 drying oven cabinet at 105 °C for 24 h. Drying was performed 5 times to account for errors; the mass of each sample of filtered biomass was about 10 g. The biomass drying was carried out to determine its moisture content. As HTL was performed for wet biomass, its moisture content is important to determine the water’s influence on the maximum pressure in the reactor when using HTL.




2.5.2. Hydrothermal Liquefaction of Concentrated Biomass Arthrospira platensis


In HTL experiments, wet biomass was placed in the HTL reactor described above. Before each experiment, the reactor was cleaned with dichloromethane. Then, 330 g of distilled water was poured into the reactor. Next, the sealed reactor was heated up to 330 °C, the temperature was kept for 60 min and after the reactor had cooled to room temperature it was opened to drain its contents. Afterwards the reactor was cleaned again with dichloromethane; the cleaning of the reactor was performed twice before HTL.



HTL was carried out with a maximum reactor temperature of 330 °C, a reactor heating rate of 4.2 °C × min−1 and a holding time at maximum temperature of 60 min. The pressure in the reactor was measured by a manometer connected to it. Then, as the reactor cooled down the residual pressure was measured. After that, the reactor mass was compared with the reactor mass before the hydrothermal treatment to assess if there were any leaks. Then, the gaseous products were released into the atmosphere, the mass of which was estimated by using subtraction of the residual principle from the sum of the masses of the other products. The rest of the products were emptied into glass containers. The biofuel and biochar were filtered out of this using paper filters. Then, to find the mass of dry biochar, this filtered biochar was placed in a Binder VD53 drying oven, where drying was carried out for 24 h with the temperature of 105 °C. The choice of the maximum temperature was due to our previous work on the HTL of this microalgal strain cultivated when using atmospheric carbon dioxide. The HTL conditions in our previous works were identical to the HTL conditions in the current work with one exception: in previous works, 100 g of dried microalgae and 330 mL of distilled water were placed into the reactor [28,29]. The choice of the holding time at the maximum temperature was because of the fact that at a holding time of 60 min the biofuel yield is maximum [30].





2.6. Analysis Methods


2.6.1. Biochemical Analysis of Microalgae


Microalgae extraction was further conducted following the Folch procedure to determine the amount of lipids [31]. After lipid extraction, the remaining sediment was dried in a Binder VD53 drying oven at 50 °C for 20 h. The protein content was found using the method in [32]. The biomass sediment remaining after the protein extraction was then dried in a Binder VD53 desiccator at 60 °C for 20 h. The phenol-sulfuric acid method was used to determine the amount of carbohydrate [33]. All samples were analyzed 2 times.




2.6.2. Optical Density of Microalgae Biomass


The optical density of the suspension was measured using a photocolorimeter KFK-2UHL 4.2 versus (Russia) at 670 nm. The sample were analyzed 2 times.




2.6.3. Cultivation Medium pH


The pH of the samples was measured directly by using a pH meter (Shindengen Electric Mfg. Co., Ltd., Tokyo, Japan), with pre-calibration of the pH meter before each measurement. The samples were analyzed 2 times.




2.6.4. Cultivation Medium Analysis


Chemical oxygen demand (COD), biochemical oxygen demand (BOD) and bicarbonate and carbonate contents were determined by titration. Magnesium and potassium quantities were determined by using an inductively coupled plasma optical emission spectrometer Agilent 720 ICP-OES, USA. To determine the content of phosphates, nitrates and sulfates, ion chromatograph with a conductivity detector ICS-1600 (USA) was used.




2.6.5. CHNS Analysis of Microalgae


CHNS analysis of Arthrospira platensis was completed with the help of a Thermo Scientific Flash 2000 HT (USA) analyzer. The sample was analyzed three times to find the average value of each of the elements. The resulting errors were less than 4%. The samples were analyzed 2 times.




2.6.6. Group Analysis of Saturated, Aromatic and Polar Biofuel Compounds


The group hydrocarbon composition (content of saturated, aromatic, polar I and polar II compounds) of the bio-oil was established according to the standard method IP 469 on thin-layer chromatography with flame ionization detection (TLC-PID) latroscan MK-6s SES GmbH (Ltd.), Analysesysteme, Germany.




2.6.7. The Content of Elements in Bio-Oil


The element content was determined by using an inductively coupled plasma mass spectrometer (ICP-MS) Agilent 7900, Agilent Technologies, equipped with a two-way glass spray chamber cooled up to 2 °C with the glass spray MicroMist, a quartz burner and nickel cones. The samples were analyzed 2 times.




2.6.8. Qualitative and Quantitative Analysis of Bio-Oil


Qualitative and quantitative analysis of the bio-oil was carried out by gas chromatography–mass spectrometry (GC-MS) on a 7890 gas chromatograph with a 5977 MS detector, Agilent Technologies, USA, using a proline 100–1000 µL dispenser, Sartorius AG.






3. Results


3.1. Microalgae Biomass Production Efficiency


On the 0, 5th, 10th, and 15th days of the experiment, the suspension samples from the biomass were taken from the atmospheric gas chamber to estimate the biomass density using a spectrophotometer. The value of biomass density throughout the experiment is shown in Figure 2; Table 1 shows the average biomass growth rate per day.



The biomass density increase linearly in our previous works; a larger scatter in average biomass growth rates was observed due to strain adaptation to new conditions [27,34]. According to the biomass rate growth data, the experimental rates of CO2 absorption are found. During the whole experiment, 0.22 kg of CO2 was absorbed (60 g in terms of carbon). The dry weight of the grown biomass was 103 g.



In Ref. [35], Arthrospira platensis biofixation was studied at a CO2 concentration of 10 vol.% in four cultivation periods in an outdoor PBR under environmental conditions. The cultivation periods were from January to March, from April to June, from July to September and from October to December. It was found that the biomass growth rate for each cultivation period was the following: 40 mg × L−1day−1, 32 mg × L−1day−1, 28 mg × L−1day−1 and 48 mg × L−1day−1, respectively [35]. The absorption of Arthrospira platensis LEB 18 at a CO2 volume of 12 vol.% was studied in a closed PBR for 10 days; it was shown that the biomass rate was 80 ± 10 mg × L−1day−1 [36]. Different strains of Arthrospira platensis have different growth rates. For example, in [37], nine strains of Arthrospira platensis were cultivated in a columnar photobioreactor at 10 CO2. A large spread was found in terms of the growth rates between different strains of Arthrospira platensis, which was associated with the Arthrospira platensis strains themselves since the cultivation conditions were the same [37]. Since various factors affect the rate of biomass growth [14,38,39], it is logical to compare the results of this work with the results of our previous work [27]. The work was carried out using the same strain of Arthrospira platensis. The conditions, parameters and cultivation methods were similar to the present work with one exception: different concentrations of CO2 were used in the previous work. It was found in the work that the growth rate of biomass density was 79.4 and 76.3 mg × L−1day−1 at CO2 concentrations of 1 and 5 vol.%, respectively [27]. This correlates with the results of this work.




3.2. CO2 Absorption Efficiency


The data from the CO2 concentration changes in the atmospheric gas chamber during the cultivation of Arthrospira platensis at a CO2 volume of 8% are shown in Figure 3. The ratio of the gas–air environment volume to the working volume of the microalgae suspension was 120 (12 m3/0.1 m3). The value of CO2 changed from 8 vol.% at the beginning of the experiment to 6.47 vol.% at the end of the experiment. The average rate of CO2 change over the whole experiment was 0.109 vol.%/day; the average rate over the first half of the experiment was 0.107 vol.%/day, whereas in the second half of the experiment it was 0.11 vol.%/day. In our previous work with this strain [27,34], the average rates varied from 0.14 vol.%/day to 0.12 vol.%/day throughout the experiment. The experimental conditions and nutrient medium were identical to the experimental conditions and nutrient medium in the current work, the only exception was the initial concentration of carbon dioxide, which was 6 vol.% [27] or 5 vol.% [34]. At the same time, the spread between the average speeds of the first and second halves of the experiment was significant (additionally, in the 2nd half of the experiments the average speeds were lower than those in the first half), which was caused by the adaptation of Arthrospira platensis to the increased concentrations of carbon dioxide in the gas–air environment [27,34].



When considering the average rate of CO2 absorption, we also need to take into account the losses of CO2 from the chamber to the atmosphere. The gas losses in the chamber decrease in relative terms depending on the initial volume percentages of the studied gas medium in the chamber. Additionally, losses can be due to the methods of the experiment, the method of supplying gas to the PBR, the duration of maintaining the gas–air environment in the PBR and so on. With an initial CO2 volume of 8 vol.%, the losses were 0.67% or 0.04 vol.%/day, which was also obtained directly. Therefore, the CO2 absorption takes on average 0.11 − 0.04 = 0.07 vol.%/day in the atmospheric gas chamber during the process of photosynthesis.



In the current work, we managed “to include” the biomass presence into the new conditions from the very beginning of the experiment, which shows the excellent adaptive ability of Arthrospira platensis to new extreme conditions in the shortest possible time. The biomass growth rate turned out to be linear, with the average rate of biomass growth in the first half of the experiment (the first 7 days of the experiment) being the same as the rate of biomass growth in the second half of the experiment (the last 7 days of the experiment).




3.3. Moisture Content of the Obtained Suspension and the pH Value of the Cultivation Medium


At the end of the experiment, biomass from the PBR was selected by concentrating the biomass through a sieve with a mesh size of 100 microns; 1070 g of concentrated wet biomass was obtained. The moisture content of the concentrated microalgae biomass was 91.3 ± 0.4%. The moisture content was determined by drying five samples of the suspension. As the ratio of one mass sample to the mass of the completely concentrated microalgae biomass was about 1%, this small error in determining the moisture content shows that the biomass from the PBR was correctly separated from the nutrient medium. This is why the extra moisture did not get into the microalgae HTL reactor in the process of biomass concentrating from the PBR.



The pH values of the experiment are shown in Figure 2. One can see that the pH value was almost constant throughout the experiment; the value was around pH = 9, which is the optimal value when cultivating this type of microalgae at high CO2 concentrations [14,16,17].




3.4. Biochemical Analysis of Microalgae


The biochemical analysis of microalgae biomass grown with a CO2 volume of 8% is shown in Figure 4. Compared with the initial values (values of the biochemical analysis of Arthrospira platensis cultivated at atmospheric CO2 concentration) of the biochemical analysis, there is a tendency towards an increase in the amount of carbohydrates and a decrease in the amount of lipids, which indicates a change in the metabolism of Arthrospira platensis at high concentrations of CO2 [14].



In the present work, a decrease in the concentration of lipids is observed. In the literature, a decrease in the concentration of lipids is associated with various parameters. For example, it is known that the washout effect occurs when the maximum specific growth rate of microalgae is less than or equal to the dilution rate [38]. The paper shows that when cultivating microalgae Arthrospira platensis during continuous cultivation in a tubular photobioreactor, pure CO2 can be used as a carbon source and ammonia can be used as a nitrogen source. Then, with a sufficient amount of nitrogen in the nutrient medium, the concentration of proteins increases along with the dilution rate, changing from 23.78% protein to 57% protein [38]. It was shown in [40] that a decrease in the nitrogen source leads to a decrease in the growth rate of Arthrospira platensis, a decrease in the concentration of proteins and an increase in the concentration of carbohydrates. Additionally, in [16], it was shown that when cultivating various Arthrospira platensis strains in a columnar photobioreactor at various CO2 concentrations, the protein concentration has a negative correlation with the carbohydrate concentration. Moreover, with an increase in the concentration of CO2, the concentration of proteins decreases from 68% to 61% [16]. At the same time, the paper presents data showing that the protein concentrations for various strains of Arthrospira platensis can range from 23.78% to more than 60% depending on various conditions [16].



The CO2 supply also affects the amount of protein, fat and carbohydrate in microalgae. In this work, cultivation of Arthrospira platensis was carried out for two different gas velocities and for four different diffusers [41]. The paper shows that not only the gas flow rate but also the shape of the diffuser affects the concentrations of proteins, lipids and carbohydrates [41]. At the same time, the shape of the diffuser had a much greater effect on the concentrations of proteins, lipids and carbohydrates [41].



Therefore, when considering the results of this work, more attention should be paid to our previous work with this strain of Arthrospira platensis [27]. The cultivation conditions were similar to the conditions in this work with one exception: in the previous work, a study was conducted on the effect of different concentrations of CO2 on the cultivation of Arthrospira platensis [27]. It was found that at 0.04 CO2 and at 1 CO2, the concentrations of lipids (5.3 ± 1.1% and 5.7 ± 0.6%, respectively) and proteins (69.0 ± 1.5% and 70.0 ± 0.6%, respectively) remained almost unchanged. In addition, at 5 CO2, there was a sharp drop in the concentrations of lipids (4.2 ± 0.5%) and proteins (47.7 ± 1.5%) [27].



In this work, a decrease in the concentrations of proteins and lipids and an increase in the concentration of carbohydrates when compared with the control sample is observed. These changes correlate with our previous work [27]. It is assumed that such a sharp change in the concentration of proteins is due to the lack of a source of nitrogen in the cultivation medium, as can be seen from Table 2.




3.5. CHNS Analysis of Arthrospira platensis


Figure 5 shows the data from the CHNS analysis of Arthrospira platensis. One can see the decrease in each of the CHNS elements compared with the initial biomass. These changes in CHNS are explained by the cultivation conditions—the choice of cultivation medium and the use of a gas–air environment with a high concentration of CO2 in the PBR—as the amount of the corresponding chemical elements in microalgae increases when the concentration of any chemical element in the cultivation medium increases [36,42].



CO2 absorption by Arthrospira platensis LEB 18 at a CO2 volume of 12% was studied in a closed PBR for Arthrospira platensis cultivation. The following CHNS analysis data were obtained: C (40.19%), H (7.30%), N (4.54%) and S (1.21%) [36]. In this work, using a closed 30 m3 PBR in which we studied the absorption of flue gases by using Arthrospira platensis, the following CHNS analysis data were obtained: C (49.85%), H (6.43%), N (9.65%), S (0.76%) and O (24.54%) [42]. The results of this work, presented in Figure 5, are consistent with the results of these two studies. One can see a low content of sulfur, nitrogen and hydrogen that correlates with the manuscripts [36,42]. The low content of sulfur and nitrogen indicates that lower concentrations of sulfur and nitrogen are possible in the resulting bio-oil, which favorably affects the quality of the bio-oil [43].




3.6. The Components of the Cultivation Medium


The results of the analysis of the cultivation medium components are presented in Table 2. About 50% of the biomass consists of carbon during the cultivation of Arthrospira platensis, so the main contribution to the result of cultivation is made by the amount of carbon [38]. The cultivation medium determines the biomass growth rate and the biochemical parameters that will change during cultivation [37,44,45]. The main research is currently focused on identifying the factors influencing the cultivation of microalgae. Currently, the key factors include the following: pH [16,17,37], nutrient medium [36,38,46], type of cultivation [38,45,47], geometric dimensions of the reactor [47,48], temperature [44,47,49], light [38,44,47], diffuser configuration [41,48,49], mixing speed of nutrient medium components [38,48,49], nutrient supply method (additional supply of nutrients during cultivation [40,46,47] and method and nature of CO2 supply [37,38,48]) and nitrogen and phosphorus consumption [17,47,48].



Variations of Zarrouk’s medium are mainly used as a nutrient medium [47]. The main directions of research on its application are related to the search for a cheaper source of carbon, since the carbon source is its most expensive component in the price of Zarrouk medium [38,47] (studies are also being conducted to find a cheaper source of nitrogen [38,47], which is especially important for microalgae with a high concentration of proteins). Currently, the main ideas to reduce the cost of the carbon source are associated with the use of carbon dioxide in the cultivation medium, which is a by-product of many factories, for example, the use of flue gases as a source of carbon or only CO2 from flue gases [46,49]; however, its use is limited by pollutants in flue gases (heavy metals, SOX, NOX). For example [49], at SO2 concentrations of 150 ppmv, Chlorella KR-1 cell growth is inhibited (inhibition starts from 60 ppmv). At the same time, research is underway to find a cheaper culture medium. For example, the use of wastewater or any by-products of industry as components of a nutrient medium for the cultivation of microalgae [47].



Few studies have been conducted to investigate the effect of aeration on the growth pattern of Arthrospira platensis [48]. At the same time, it was shown for Arthrospira platensis that growth is better with CO2 aeration, and it is also easier to maintain a constant pH in a system with intermittent aeration compared with a continuous supply of carbon dioxide [16]. At the same time, critical concentrations of CO2 lead to a decrease in the growth rate of microalgae [16]. It is necessary to take into account the efficiency of CO2 utilization for the growth of microalgae, since only a part of carbon from carbon dioxide will be spent on photosynthesis [16]. The utilization efficiency, in turn, shows a dependence on the gas–liquid transfer of CO2 [16]. The growth of Arthrospira platensis is accelerated at an aeration rate of 150–500 mL × min−1 and that at an aeration rate of 2000 mL × min−1 and higher, a decrease in the growth rate of microalgae is observed [38]. In [48], an analysis was made regarding the effect of a deficiency of nutrients (studied for nitrogen and phosphorus) on the growth of microalgae Arthrospira platensis depending on the rate of CO2 supply for various concentrations of CO2, nitrogen and phosphorus. It was shown in [48] that the rate of biomass growth depended on the rate of supply of CO2 and its concentration. In this case, the growth rate also decreased at high rates. At the same time, the aeration rate had practically no effect on the concentrations of nitrogen and phosphorus. Additonally, small as well as large concentrations of nitrogen in the initial cultivation medium lead to a more rapid decrease in the growth rate of microalgae. Furthermore, when the nitrogen source in the nutrient medium was depleted, the growth of microalgae did not stop but continued due to changes in the composition of the biomass [48].



During the experiment, the concentrations of the nutrient medium components remained almost unchanged, which follows from Table 2. The main absorption of substances from the nutrient medium occurred for magnesium, phosphates and nitrates. The remaining components remained practically unchanged (in percentage terms). The change in biochemical oxygen consumption (increase) was associated with the growth of bacteria in the PBR. The main carbon consumption came from CO2. The change in bicarbonates was associated with a strong buffering of the Zarruk medium and a constant pH: Arthrospira platensis absorbs HCO3− and CO3−, CO3− is not consumed due to the high pH, it remains in the form of a buffer and is not consumed.




3.7. Yield of Hydrothermal Liquefaction Products of Microalgae


Figure 6a shows previous results regarding HTL product yields with this strain of Arthrospira platensis cultivated under atmospheric conditions. The HTL conditions are similar to those that are used in the current work with one exception: 100 g of dry biomass and 330 mL of distilled water were placed in the reactor [50]. In Figure 6b are the results regarding the yield of the HTL products of wet concentrated biomass obtained during the current work. At the end of HTL, the residual pressure in the reactor was 16 atm, which is similar to our previous results with Arthrospira platensis cultivated at atmospheric CO2 concentration. In our previous works regarding the HTL of this strain of Arthrospira platensis cultivated at atmospheric gas concentrations with similar HTL parameters, the yields of bio-oil were 34.7 wt.% [28] and 37.2 wt.% [29].



The bio-oil yield in the current work was 13.8 wt.%, which was caused by an increase in the amount of carbohydrates and a decrease in the amount of lipids when Arthrospira platensis was cultivated in a medium with high carbon dioxide content [27]. This leads to the bio-oil yield decrease, as the main contribution to the bio-oil yield is due to lipids [50]. This can also be seen when comparing Figure 6a,b: the bio-oil yield decreased from 32.6 to 18.5 wt.%, whereas the aqueous phase yield increased from 28.3 to 58.2 wt.%.



It is considered that the changes in the concentration of carbon dioxide during the cultivation of Arthrospira platensis affects the changes in the proportions of the aqueous phase and bio-oil and that the yield of biochar and of gaseous products is almost constant. In the currently work, we show a decrease of the yield of biochar and of gaseous products when compared with [50]. An increase in the yield of the aqueous phase shows the promise of this direction for studying its application. The promising directions for the use of aqueous phase are as one of the components of the nutrient medium in the process of microalgae cultivation [51,52] or as an additive to fertilizers [52]. The promising directions for the use of biochar are the application biochar as a biofertilizer for the soil [51], its reuse as a nutrient medium for the cultivation of microalgae [53,54] or its use in wastewater treatment [53,54]. The main component of the gas phase is CO2 [51]. A promising direction for its application is the use of carbon dioxide as a nutrient medium in the cultivation of microalgae [51]. The economic potential of microalgae processing by hydrothermal liquefaction has not yet been fully studied [55,56,57]. In our opinion, when assessing the economic potential the main research should focus on the following points: determination of the products’ production costs changing depending on production volumes and the physical and chemical characteristics of the products.




3.8. Group Analysis of Saturated, Aromatic and Polar Biofuel Compounds


The results of the group analysis of saturated, aromatic and polar bio-oil compounds are presented in Table 3. The IP 469 method is the primary method for determining the types of hydrocarbons. According to our data, bio-oil from Arthrospira platensis was not analyzed by this method. The results in Table 3 show that the obtained bio-oil does not contain saturated hydrocarbons, the content of aromatic hydrocarbons is 0.2 wt.% and the remaining hydrocarbon compounds are polar compounds. However, the review shows that the bio-oils from various microalgae contain aromatic and saturated hydrocarbons [43]. The method IP 469 is applied to fossil oil. The results of this analysis indicate that this method should be modified for bio-oil analysis.



Based on the IP 469 methodology, it is assumed that other solvents should be used for accurate identification of hydrocarbon composition when using this method (the choice of solvent and its composition affects the data obtained during the analysis and it might be worth completing a separate job to prepare samples) and take into account the high viscosity of bio-oil. The analysis results are also affected by the amount of water in the bio-oil, the amount of which needs to be studied separately [58,59,60].




3.9. The Content of Elements in Bio-Oil


The elemental analysis is presented in Table 4. According to our data, this method of analysis is used very rarely for the analysis of bio-oil. Some of the elements are trace elements that entered Arthrospira platensis (and afterwards the bio-oil) during the cultivation of Arthrospira platensis. For biofuel from Arthrospira platensis in [30], we obtained results that are comparable with the results of this work: 848, 116.0, 69.3, 11.1, 8.2, 72.1, 14.6, 22.4, 19.4, 5.9 and 1.17 mg × kg−1 for Fe, Ca, Mg, Cu, Zn, Ni, Na, K, Mo, Cr and Mn, respectively.



In this work, we analyzed Arabian fossil oil for the content of metal impurities and obtained 14, 9, 6, 3.5, 5, 10, 11 and 2 ppm for Ca, Fe, Mg, Cu, Zn, Na, Ni and Mo, respectively [61], which is less than our data. When compared with fossil oil or soil in oil production areas, it can be noticed that there is a greater concentration of heavy metals in the bio-oil obtained in this work, which leads to the need for additional stages of bio-oil purification [62,63,64].




3.10. Gas Chromatography–Mass Spectrometry of Bio-Oil


The results of the GC-MS of bio-oil are presented in Table 5. During the analysis in this work, 19 compounds were identified: phenol and its alkyl derivatives, indole and its alkyl derivatives, palmitic acid, hexadecanamide and its alkyl derivatives, and oleic acid diethanolamide. A total of 63% of the peaks of the detected compounds were identified. Similar compounds were obtained in other works [30,43,65].



In microalgae bio-oil, six main types of chemical compounds can be distinguished according to their functional groups: monoaromatic compounds and their derivatives, aliphatic compounds, fatty acids, nitrogenous compounds, polyaromatic compounds and other oxygenated compounds such as alcohols, aldehydes and ketones [43]. In the current work, we obtained microalgae with a high carbohydrate content, significant protein content and low lipid content. It is thought that lipids form the main contribution to the yield of bio-oil, whereas carbohydrates and proteins make less significant contributions [66]. The compounds No. 1–5, 7, 8, 11 and 12 are aromatic, the compounds No. 1–3, 10 and 13–19 are polar, which suggests that the IP 469 method from the previous section should be revised towards the development of a sample preparation methodology. Several heterocyclic compounds were obtained (compounds No. 5–8). It is considered that bio-oil from microalgae usually contains from 10 to 15% heterocycles [43]. The compounds No. 5, 8 and 11–19 are nitrogen-containing and the compounds No. 1, 2, 3 and 10–19 are oxygen-containing; a large amount of oxygen and nitrogen indicates that there is a need for bio-oil refining stages before it can be used as a fuel [43]. The large presence of heptadecane and hexadecanoic acid is characteristic of bio-oil from microalgae; these compounds lead to an increase in oil viscosity [66]. There is also a big difference in the results from the analysis of fossil oil [65].





4. Conclusions


During the cultivation of Arthrospira platensis under 8% CO2, we obtained the following main results.



	
The efficiency of CO2 absorption by Arthrospira platensis was determined directly. During the experiment, the average rate of CO2 absorption due to photosynthesis was 0.07 vol.%/day, with constant biomass growth rate of 82 ± 4.1 mg × L−1day−1;



	
The pH value was almost constant and in the optimal value for cultivating this type of microalgae. The concentrations of the following components of the nutrient medium decreased: magnesium, phosphates and nitrates. CO2 was the main source of carbon.






At the end of the cultivation stage, the biomass was separated on a sieve with a mesh of 100 microns, the analysis of which showed:




	
CHNS analysis shows a decrease in C and H in comparison with the initial biomass (cultivated at atmospheric CO2 concentration);



	
The amount of carbohydrates compared with the initial biomass changed from 7 ± 0.8 to 38.7 ± 0.4 wt.%, lipids from 5.1 ± 0.9 to 3.8 ± 0.4 wt.% and proteins from 68.2 ± 1.4 to 37.4 ± 0.5 wt.%.








From the obtained wet biomass, bio-oil was obtained by the HTL method, establishing the following:




	
The bio-oil yield was 13.8 wt.%; it is shown that when increasing the CO2 concentration of the gas–air environment the yield of bio-oil decreases;



	
The group analysis of saturated, aromatic and polar compounds of bio-oil using the IP 469 method showed that bio-oil consists of 99.8 wt.% polar 1 and polar 2 compounds. This suggests that this method needs to be modified for use in the analysis of bio-oil;



	
The content of 51 metals in bio-oil was determined by the ICP-MS technique, and 19 compounds were identified by the GC-MS technique. The results of these two methods showed that refining stages for bio-oil should be used in order to use bio-oil as a traditional fossil fuel.
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Figure 1. Block scheme of the experiment: cultivating Arthrospira platensis for 15 days (initial concentration of CO2 8 vol.%) and further bio-oil production from it by the hydrothermal liquefaction method and its analysis. 
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Figure 2. Biomass density and pH changes during the 15-day cultivation of Arthrospira platensis. 
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Figure 3. Change in CO2 concentration in the atmospheric gas chamber during a 15-day cultivation of Arthrospira platensis at an initial CO2 concentration of 8 vol.%. 
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Figure 4. Biochemical composition of the initial (inoculate) biomass (cultivated at atmospheric CO2 concentration) in comparison with Arthrospira platensis cultivated at 8% CO2. 
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Figure 5. Change in the elemental analysis of the initial biomass of Arthrospira platensis relative to the biomass at the end of the 15-day cultivation at an initial CO2 concentration of 8 vol.%. 
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Figure 6. The product yield of Arthrospira platensis hydrothermal liquefaction (wt.%) when cultivating Arthrospira platensis in an atmospheric medium (a) [50] or in a medium with an initial CO2 concentration of 8 vol.% (b). 
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Table 1. Growth rate of biomass during the entire cultivation stage of Arthrospira platensis.
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	Experiment Day
	Biomass Growth Rate, mg × L−1day−1





	0
	



	5
	55 ± 3.9



	10
	80 ± 7.6



	15
	82 ± 4.1










 





Table 2. The components of the cultivation medium during the cultivation of Arthrospira platensis for 15 days at an initial CO2 concentration of 8 vol.%.






Table 2. The components of the cultivation medium during the cultivation of Arthrospira platensis for 15 days at an initial CO2 concentration of 8 vol.%.





	Results/Analysis
	COD, mgO/dm3
	BOD, mgO2/dm3
	Bicarbonates, mg/dm3
	Carbonates, mg/dm3
	Potassium, mg/dm3
	Magnesium, mg/dm3
	Phosphates, mg/dm3
	Nitrates, mg/dm3
	Sulfates, mg/dm3





	0 day
	120
	70
	11050
	1400
	1800
	20.5
	376
	1950
	450



	Absolute change
	39
	25.1
	−160
	97
	−69
	−2.5
	−43
	−618
	−27



	Relative change,%
	24.5
	26.4
	−1.5
	6.5
	−4.0
	−13.9
	−13.0
	−46.4
	−6.4










 





Table 3. The results of the group analysis of saturated, aromatic and polar bio-oil compounds obtained by HTL from Arthrospira platensis cultivated for 15 days at an initial CO2 concentration of 8 vol.%.
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Content of Hydrocarbon Groups, wt.%




	
Saturated

	
Aromatic

	
Polar I

	
Polar II






	
0

	
0.2

	
54.9

	
44.9











 





Table 4. The results of determining the content of elements in bio-oil that was obtained by the HTL method from microalgae Arthrospira platensis after 15 days of cultivation in an atmospheric gas chamber at an initial CO2 concentration of 8 vol.%.
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	Element
	Content, µg × g−1
	Element
	Content, µg × g−1
	Element
	Content, µg × g−1





	Na
	611 ± 65
	Rb
	0.07 ± 0.01
	Ce
	0.047 ± 0.002



	Mg
	174 ± 16
	Cd
	0.28 ± 0.02
	Pr
	0.004 ± 0.001



	Al
	68 ± 10
	Te
	<0.01
	Nd
	0.013 ± 0.003



	K
	390 ± 75
	Cs
	0.0025 ± 0.0005
	Sm
	0.0025 ± 0.0009



	Cr
	4.7 ± 0.9
	Re
	<0.0004
	Eu
	0.0006 ± 0.0001



	Mn
	5.1 ± 0.3
	Tl
	<0.03
	Gd
	0.0024 ± 0.0007



	Fe
	1135 ± 29
	Pb
	0.93 ± 0.08
	Tb
	0.0004 ± 0.0001



	Ni
	40 ± 4
	Bi
	0.009 ± 0.002
	Dy
	0.0019 ± 0.0003



	Cu
	45 ± 2
	Th
	0.0029 ± 0.0007
	Ho
	0.00040 ± 0.00005



	Zn
	113 ± 4
	U
	0.006 ± 0.001
	Er
	0.0015 ± 0.0002



	Ga
	1.17 ± 0.02
	Ru
	<0.001
	Tm
	<0.0001



	Sr
	1.5 ± 0.3
	Rh
	<0.0004
	Yb
	0.0011 ± 0.0002



	Ba
	2.0 ± 0.4
	Pd
	<0.002
	Lu
	<0.0002



	Li
	0.05 ± 0.01
	Ir
	<0.002
	
	



	Be
	<0.008
	Pt
	<0.001
	
	



	V
	0.21 ± 0.02
	Sc
	0.006 ± 0.001
	
	



	Co
	0.91 ± 0.02
	Y
	0.014 ± 0.003
	
	



	As
	0.17 ± 0.02
	In
	0.0015 ± 0.0005
	
	



	Se
	<0.07
	La
	0.027 ± 0.004
	total:
	2593 ± 207










 





Table 5. The results of relative quantification of the content of the identified compounds in bio-oil by GC-MS.
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No. Peak

	
Retention Time, min

	
Name of the Chemical Compound

	
Peak Area,%






	
1

	
5.915

	
phenol

	
1.08




	
2

	
7.335

	
p-cresol

	
0.60




	
3

	
8.699

	
4-ethylphenol

	
1.57




	
4

	
9.238

	
benzene

	
0.44




	
5

	
10.547

	
indole

	
0.37




	
6

	
10.764

	
2H-inden-2-one, 1,4,5,6,7,7a-hexadro-7a-methyl-,(S)-

	
0.52




	
7

	
11.419

	
1,2,3,4-thethahydro-1,6,8-trimethylnaphthalene

	
1.02




	
8

	
11.783

	
3-metilindole

	
1.35




	
9

	
15.429

	
heptodecane

	
8.31




	
10

	
18.218

	
palmitic acid

	
13.35




	
11

	
18.345

	
5H-perido[4,3-b]indole

	
1.38




	
12

	
18.409

	
5H-perido[4,3-b]indole

	
0.73



