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Abstract

:

The current study aimed to investigate the potentiality of yeast isolate Rhodotorula toruloides Y1124 to be used as a feedstock for biodiesel production, and the reutilization of the de-oiled yeast biomass wastes as a biosorbent for the biosorption of Congo red from aquatic solutions was investigated. From screening results, eight yeast isolates were referred to as oleaginous microorganisms, of which yeast isolate Rhodotorula toruloides Y1124 was the highest lipid-accumulating isolate and was used as a feedstock for biodiesel production. The highest lipid accumulation (64.8%) was significantly dependent on the glucose concentration, pH, and incubation temperature according to Plackett–Burman and central composite design results. Under optimized conditions, the estimated amount of biodiesel synthesis from Rhodotorula toruloides biomass represented 82.12% of total analytes. The most prevalent fatty acid methyl esters were hexadecanoic and 11-octadecenoic, comprising 30.04 and 39.36% of total methyl esters which were compatible with plant oils. The optimum biosorption conditions for Congo red removal were pH 6, a 15 min contact time, and an initial dye concentration of 40 mg L−1. The biosorption isothermal and kinetics fitted well with the Langmuir model and the maximal biosorption capacity (qmax) was 81.697 mg g−1. Therefore, the current study may offer a sustainable feedstock with potential viability for both the synthesis of biodiesel and the removal of organic dyes.
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1. Introduction


Fossil fuels are the main source of energy for motorization, industrialization, and economic growth worldwide. Nowadays, humans face many issues concerning the global ongoing use of petroleum energies because climate change has resulted from global warming and environmental air pollution. Based on the rate of production versus consumption, petroleum reserves will last for at least 100 years and probably more [1]. Because of the increase in petroleum-based fuel prices and their adverse effects on the environment, alternative methods have been sought. Such alternative biofuel technology development with the aim to improve the strategies that generate eco-friendly and sustainable energy sources from renewable materials is required urgently [2]. Thus, bioenergy production using microbial fermentation from renewable feedstock is considered a prospective alternative energy source [3,4,5]. Biodiesel is the esters of fatty acids generated from renewable sources such as edible/non-edible oils or animal fats by transesterification/esterification processes of triglycerides or free fatty acids [6,7]. Biodiesel is considered an excellent alternative fuel to conventional petroleum diesel owing to its biodegradability and nontoxicity [8,9]. In addition, the raw material is a critical consideration in the biodiesel industry because the cost of biodiesel is influenced mainly by the processed raw material utilized. Feedstock now accounts for more than 80% of the expenditures associated with biodiesel manufacturing [10]. Around 95% of global biodiesel output is derived from edible oils, which is considered to be wasteful due to the world’s food crisis [11]. As a result, the latest trend is to produce biodiesel from inexpensive non-edible oil [12]. Because of their high triglyceride content, various feedstocks, such as palm, jatropha, microorganisms, tallow coconut insect fats, wet spent coffee grounds, Melia azedarach and Ricinus communis, and waste cooking oil, have a high productivity in biodiesel manufacturing [13,14,15,16]. Microbial lipids from microorganisms are considered as a prospective feedstock to improve the world bio-oil production for biodiesel synthesis that would cause safe ecosystem impacts [17]. Oleaginous yeast appears to be one of the potent feedstocks for renewable biodiesel generation that is capable of meeting the global demand for transport fuels. Oleaginous yeast has the ability to produce lipids with more than 20% of their dry biomass and it does so more efficiently than other microbes. This is because of its high rate of productivity; there is no need for land cultivation and it can grow on various organic wastes with a high growth rate [18], so making oleaginous yeast is considered a promising feedstock for biodiesel production which is economically competitive with petro-diesel. But, biodiesel commercialization and popularity are restricted by its use in cold climates and prolonged storage because of its poor low-temperature viscosity and oxidation stability, which depend mainly on the physico-chemical characteristics of biodiesel attributed to the fatty acids content of the oil feedstock [19]. As well being used to increase the feasibility of oleaginous yeast, the residual de-oiled yeast biomass that remains after biodiesel production [20] can be reutilized and recycled as a good biosorbent agent for anthropogenic dye pollutants in aquatic ecosystems [21].



Freshwater systems have significant ecological roles, including as reservoirs of organic carbon and in fulfilling human life requirements, including providing the resource of drinking water and being used for industrial and agricultural purposes. However, due to the sharp increase in the world’s human population, accelerating urbanization, industrialization, and pollution from anthropogenic sources, natural inland waters have undergone significant change, with detrimental consequences for both aquatic ecosystems and people [22,23]. Thus, these organic pollutants produced from many industries are creating rising alarms and gaining great importance [24,25,26]. Synthetic dyes are considered one of the most common pollutants that are discharged as effluents into freshwater and other aquatic ecosystems from different industries such as textile and cloth dyeing, paper manufacturing, printing, color photography, food products, pharmaceuticals, and cosmetics [27]. Annually, about 800,000 tons of synthetic dyes are produced (50% azo dyes) [28], and approximately 10–15% of these dyes are discharged into aquatic ecosystems and cause an undeniable environmental problem due to their stability against light, temperature, and biodegradation [29]. Consequently, these synthetic dyes are considered toxic and highly persistent emerging pollutants in nature, which can cause adverse impacts on human and animals’ health [30], such as teratogenesis, carcinogenesis, and mutagenesis [31]. Congo red (CR) is one of the most common industrial dyes that have a complex aromatic anionic azo dye that exhibits a hindrance to photo and chemical oxidation as well as biodegradation [32]. Therefore, how to effectively get rid of these dyes from aquatic systems has become a pressing and urgent issue. Various strategies have been applied for the removal of these dyes, including photodegradation, chemical oxidation, microbial degradation, and membrane- and nanofiltration [32,33]. Conspicuously, the adsorption process by microbial biomasses has been emphasized as a promising feasible technology for the treatment of dye-containing effluents [34]. Consequently, the current study aimed to evaluate the possible role of oleaginous yeast Rhodotorula toruloides Y1124 as a feedstock for biodiesel generation and optimize the culture and environmental conditions using Plackett–Burman design (PBD) and central composite design (CCD) for the highest accumulation of single cell oils for efficient biodiesel production. Furthermore, subsequent to lipid extraction for biodiesel production the de-oiled yeast biomasses were utilized for the biosorption of Congo red through studying the factors affecting the biosorption process, as well the isotherm and mechanism of the biosorption. This approach may increase the economic applicability of biodiesel production through subsequent reutilization of produced de-oiled yeast biomass for wastewater treatment.




2. Materials and Methods


2.1. Isolation for Yeast Isolates


Yeasts were isolated from 25 sugary wastewater samples collected from Assiut governorate, Egypt, on yeast malt extract agar (YMA) medium containing 10 g L−1 glucose, 3 g L−1 yeast extract, 5 g L−1 peptone, 3 g L−1 malt extract, 0.25 g L−1 chloramiphenicol, and 18 g L−1 agar. The sugary wastewater samples were streaked onto sterilized plates containing YMA and incubated at 28 ± 2 °C for 4 days. After the incubation period, the resulting colonies with varying culture morphologies were picked, purified, and examined under the light microscope. The isolated yeasts were maintained in Yeast malt agar (YMA) medium at 4 °C for screening the lipid accumulation potential.




2.2. Screening for Lipid Accumulation by Oleaginous Yeast


The tested yeast isolates were collected and blended in sterilized distilled H2O. One milliliter of the yeast suspension (1 × 105 cell mL−1) was used for inoculation of the culture medium for lipid production. The tested yeasts were grown in 250-mL conical flasks containing 100 mL sterilized culture medium containing 30 g L−1 glucose; 2 g L−1 (NH4)2SO4; 1 g L−1 KH2PO4; 1 g L−1 MgSO4 7H2O; 1 g L−1 CaCl2 2H2O; 1 g L−1 NaCl; 0.5 g L−1 yeast extract and 0.25 g L−1 chloramphenicol. Then the culture was incubated at 28 ± 1 °C for 7 days in an orbital shaker at 120 rpm, then yeast biomasses were collected by centrifugation at 6000 rpm and then dried overnight at 50 °C. The dried cells were weighed for dry weight determination and three replicates were used independently. Single-cell oils (Lipids) were extracted using chloroform methanol (2:1) procedure [35], then the lipid content was assayed colorimetrically by the phospho-vanillin reagent method [36]. All the experiments were conducted in triplicate. The highest-lipid-accumulating yeast isolate was identified based on the phenotypic (colony color, cell shape, and bud and pseudohyphae formation), with the aid of optical microscope Olympus CX41, as well as the biochemical characteristics, including urease test, nitrate reductase reaction, indole production, and utilization of different carbon sources, e.g., soluble starch, glucose, xylose, sucrose, galactose, lactose and maltose [37,38]. The selected oleaginous yeast was grown on YMA plates for 4 days at 28 ± 1 °C and preserved in the mycological herbarium, Department of Botany and Microbiology, Faculty of Science, Assiut University.




2.3. Enhancement of Lipid Accumulation by Oleaginous Yeast


The impact of nutritional and environmental variables on lipid accumulation by the oleaginous yeast was investigated using two models, Plackett–Burman design (PBD) and central composite design (CCD), using Design-Expert software to assay the significance of the individual variables and their interactions on lipid accumulation by the oleaginous yeast (Table 1). Seven independent nutritional and environmental variables were assayed at a high level (+1) and low level (−1) for enhancement of lipid accumulation by oleaginous yeast (Table 1). Collectively, the nutritional and environmental variables effects on lipid accumulation by the oleaginous yeast were assayed using Plackett–Burman design (PBD) in 12 experiments and central composite design (CCD) design in 50 experiments (as shown in Tables S1 and S2), and all experiments were conducted in three replicates.



For each tested run, the content of lipids was recorded as responses and the obtained results were analyzed by multiple regression to correlate each response to the tested variable. The PBD model was illustrated by the following equation (Equation (1)):


Total lipid (%) = β0 + ΣβiXi + Σβij XiXj + Σβii Xi2



(1)




where β0 is the model regression coefficient; Xi and Xj are the levels of tested variable; βi is the linear coefficient; βij is the interaction coefficient; and βij is the quadritic coefficient.



The obtained experimental results were statistically analyzed by ANOVA to define the significance of the model (p ≤ 0.05) and in response to different tested conditions. The responses were plotted in suitable graphs using Design-Expert software version 11.1.2.0 (Stat-Ease Inc., Minneapolis, MN, USA).




2.4. Biodiesel Production from Microbial Lipids Chemically


Biodiesel production from the extracted lipids from oleaginous yeast was conducted by the transesterification method, as reported by Vicente et al. [39]. The transesterification reaction was conducted in 10 mL stopper glass vials containing 0.1 mL extracted lipid, 4 mL methanol, 1 mL HCl, and 1 mL chloroform. The mixture was incubated at 70 °C overnight under shaking conditions; then, 1 mL n-hexane was mixed under vortex to extract the produced biodiesel (top layer) as fatty acid methyl esters (FAMEs). A total of 2 µL of FAMEs was analyzed by GC/MS (Model: DPC-Direct Probe Controller (DPC-20451), Thermo Scientific, Waltham, MA, USA) at the Chemistry Department, Faculty of Science, Assiut University. GC/MS was equipped with a capillary column TG-5MS (30 m, 0.25 mm i.d., 1 µm film thicknesses). The oven temperature was 80 °C for 5 min, then the temperature was increased at the rate of 10 °C min−1 to 150 °C and 200 °C for 10 min each, and finally, the oven temperature was raised at an increasing rate of 5 °C min−1 to 250 °C for 13 min. The injector temperature was 250 °C and the detector temperature was 300 °C. The percent of FAMEs yield was estimated by comparison with the peak area of internal standards at the specific retention time [40].




2.5. Determination of the Quality of Biodiesel


The quality of the produced biodiesel was evaluated based on physicochemical characteristics of FAMEs (biodiesel) using the following mathematical equations: The calculated values were compared with the EU biodiesel standard EN 14214 and US biodiesel standard specification ASTM D6751.


  Density   p   = ∑ (   c   i   ×   ρ   i   )  



(2)




where ci indicates the concentration (mass fraction); ρi = the density of component (individual the fatty acid methyl ester) present in the biodiesel.


  Kinematic viscosity   (   ν   mix   ) = ∑ (   A   c   ×   v   c   )  



(3)




where νmix indicates the kinematic viscosity of the fatty acid methyl esters produced, Ac indicates the relative amount of the each ester in biodiesel sample (as obtained by GC/Ms), and νc obtained from the kinematic viscosity database of each fatty acid methyl ester (FAME).


  Saponification Number   ( SN ) = ∑ ( 254 ×   A   i   ) / M   W   i    



(4)




where Ai indicates the percentage of each FAME obtained by GC/Ms and MWi indicates the molecular weight of (FAME).


  Iodine Value   IV   = ∑ ( 254 × D ×   A   i   ) / M   W   i    



(5)




where D indicates the number of the double bonds.


  Higher Heating Value   H H V   = 49.43 − [ 0.041   S N   + 0.015   I V   ]  



(6)






  Cetane Number   C N   = 1.068 ∑   C   N   i     × W   i     − 6.747  



(7)




where CNi indicates the reported CN of pure FAME available in the database; Wi indicates the mass fraction of the each FAME quantified by GC/MS.




2.6. Biosorption Isotherms of Congo Red Using De-Oiled Biomass Wastes


2.6.1. Preparation of De-Oiled Yeast Biomasses as a Biosorbent


After lipid extraction from yeast biomass, sterile distilled water was used three times to rinse the waste yeast biomass, and then dried overnight and used as a biosorbent material for Congo red.




2.6.2. Effect of Contact Time on the Biosorption Efficiency of Congo Red by Dried De-Oiled Yeast Biomasses


Fifty mg of dried de-oiled cells were mixed with 50 mL of Congo red solution (50 mg L−1). The dried de-oiled cells/dye mixtures were agitated at 150 rpm at 28 ± 2 °C. The pH value of the initial solution was adjusted to 7.0. Samples from the solutions were obtained at the predetermined time intervals (0–60 min) and centrifuged for 5 min at 8000 rpm. Using a spectrophotometer at a wavelength of 488 nm, the amount of Congo red present in the resultant supernatant was measured.




2.6.3. Effect of pH on Biosorption Efficiency of Congo Red by De-Oiled Yeast Biomasses


Using dried, de-oiled cells with 20 mL of dye solution and varied pH values (range from 1.0 to 7.0) at 28 ± 2 °C, the impact of solution pH on Congo red biosorption was examined. By adding either 0.1 M NaOH or 0.1 M HCl, the pH was adjusted.





2.7. Biosorption Isotherms of Congo Red by De-Oiled Yeast Biomasses


The Congo red biosorption isotherm studies used Langmuir isotherm, which describes the state of equilibrium between an adsorbate and an adsorbent system, when the adsorbate is restricted to one molecular layer when or before a relative pressure of unity is attained. The isotherm experiment was evaluated using 20 mg of the biosorbent agent (dry de-oiled cells) and various quantities of Congo red were used in 20 mL of deionized water at pH 6.0. The tubes with the mixtures were agitated at 150 rpm for 30 min at 28 ± 2 °C. The tubes were then centrifuged for 5 min at 8000 rpm, and the supernatant was examined using a spectrophotometer to determine the amount of dye that was remaining.




2.8. Congo Red Biosorption Evolution


Congo red biosorption was calculated using the following equation (Equation (8)):


  Congo red remaval   %   =       C  0    −   C  i         C  0     × 100  



(8)




where C0 is dye initial concentration and Ci is dye equilibrium concentration.




2.9. Fourier-Transform Infrared Spectroscopy (FTIR) Analysis of Deoiled Yeast Biomass


The functional groups of de-oiled yeast biomasses were examined using FTIR spectrometer using the KBr pressed disk procedure (Thermo Scientific Nicolet iS10 FT-IR Spectrometer, Waltham, MA, USA) at the Chemistry Department, Faculty of Science, Assiut University.





3. Results


3.1. Isolation and Screening for Lipid Accumulation by Isolated Yeast Isolates


The obtained data in Table 2 revealed that, out of 13 yeast isolates recovered from sugary water samples, 8 yeast isolates were oleaginous microorganisms (producing more than 20% total lipid) with various degrees of lipid accumulation. The highest lipid production was recorded for yeast isolate Y1124, with 47.83%.



The highest lipid accumulating yeast isolate Y1124 was identified using phenotypic and biochemical characterization as Rhodotorula toruloides. From the obtained results of characterization, yeast isolate Rhodotorula toruloides is characterized by pink-colored growth; the yeast cells showed budding formation, and globose to subglobose cells and simple pseudohyphae may be present (Table 3). In addition, yeast isolate exhibited positive reactions for glucose, xylose, sucrose, galactose, maltose, and urease production, but negative results are exhibited for nitrate reductase and indole production. The obtained data revealed that yeast isolate Rhodotorula toruloides Y1124 exhibited high lipid content. Consequently, the optimization of lipid accumulation using the yeast isolate Rhodotorula toruloides Y1124 using central composite design was performed in order to maximize the lipid accumulation capability for biodiesel production. Then, the de-oiled yeast wastes that remained after lipid extraction (biowaste) were utilized as a biosorbent for the removal of toxic Congo red dyes from aquatic solutions to maximize the applicability of yeast biomasses.




3.2. Optimization of Lipid Accumulation by Oleaginous Yeast


In the current study, the effects of various nutritional and environmental parameters were assayed on lipid accumulation potential by oleaginous yeast. Making predictions about the response for specific levels of each variable is possible using the equation in terms of coded variables. By design, the factors’ high levels are coded as +1 and their low levels as −1. By comparing the variable coefficients, the coded equation can be used to determine the relative importance of the components. The obtained data stated that the tested variables showed different impacts on lipid accumulation by oleaginous yeast. The partograph showed the significance of each tested variable on lipid accumulation by oleaginous yeast. Glucose, KH2PO4, yeast extract and temperatures showed positive effects on lipid accumulation (Figure 1). The analysis of variance (ANOVA) of the obtained results exhibited that the model F-value was significant, being 111.84, and there is only a 0.01% chance that an F-value this large could occur due to noise (Table 4). The Predicted R2 of 0.9579 is in reasonable agreement with the Adjusted R2 of 0.9805; i.e., the difference is less than 0.2. In addition, p-values less than 0.0500 revealed that model terms are significant. In this case, the tested variables, glucose, temperature, and interacted ammonium sulphate, are significant model terms. Values greater than 0.1000 indicate the model terms are not significant. The Box-Cox plot revealed the most powerful transformation; the Lambda value (λ) = 1 and the ratio of maximum/minimum values was less than 3 (Figure 2). The ANOVA statistical analysis of CCD model revealed that only glucose concentration and initial pH among the tested variables were significant (p > 0.05) as shown in Table 5. Furthermore, all the predicted responses of the model approximately fit experimental values, and this showed that the hypothesis that the total lipid model equation is suitable to explain the response of the experimental data of lipid accumulation. Furthermore, the results of lipid contents are calculated using the CCD model according to the resulting equation (Equation (9)):


Total lipid (%) = 38.158 + 4.39087 × A + (−1.93281 × B) + (−0.637376 × C) + 0.309496 × D + 0.23602 × E + (−3.62029 × F) + 1.21766 × G + (−0.934549) × AB + (−0.641551 × AC) + 2.35899 × AD + (−0.552248 × AE) + 0.248359 × AF + 0.441188 × AG + (−1.0653 × BF) + 0.33956 × CF + 1.95705 × DF + (−0.493953 × EF) + (−1.80381 × FG)



(9)







The model is suggested to be significant by the model’s F-value of 1.97. P Model terms are considered significant when the p-value is less than 0.0500. Thus, glucose and pH values are significant model terms. Model terms are not significant if the value is higher than 0.1000. The F-value for the lack of fit, 1.14, indicates that the lack of fit is not significant in comparison to the pure error. The most effective tested combined parameters (other parameters were at zero coded units) on lipid accumulation by oleaginous yeast were presented in Figure 3. The obtained data revealed that the highest concentration of carbon source, glucose, led to the enhancement of lipid accumulation, as shown in Figure 3A,B. The highest lipid content was recorded at the lowest concentration of inorganic nitrogen source (NH4)2SO4 (Figure 3C,E). On the other hand, different concentrations of KH2PO4 did not show obvious effects on lipid accumulation by oleaginous yeast (Figure 3D). In addition, the lipid content was increased by increasing yeast extract concentration and decreasing the initial pH value of the culture medium (Figure 3F). Furthermore, the lipid content was enhanced by increasing the incubation temperature and decreasing the initial pH value of the culture medium, as shown in Figure 3G. The highest lipid concentration was estimated with increasing the incubation period and decreasing pH value of the culture medium (Figure 3H). The optimum variables for the highest lipid accumulation (64.8%) by oleaginous yeast were 38 g L−1 glucose; 2 g L−1 (NH4)2SO4; 1 g L−1 KH2PO4; 0.5 g L−1 yeast extract, and an initial pH value of 7 and incubated at 30 °C for 4 days.




3.3. Biodiesel Synthesis from Extracted Lipids of Oleaginous Yeast Biomasses


In the current study, the oleaginous yeast was used as a source for biodiesel synthesis through a chemical transesterification process. The obtained data GC/MS analysis of the produced biodiesel were 82.12% FAMEs of the total analytes (Figure 4). The composition analysis of the produced biodiesel revealed that nananedioic (retention time (RT), 27.34), hexadecanoic (RT, 40.5), 9, 12-octadecandienoic (RT, 46.32), 11-octadecenoic (RT, 46.49), octadecanoic (RT, 47.14), and cyclopropanebutanoic (RT, 53.12) methyl esters were the most prevalent methyl esters, comprising 0.5, 30.04, 0.36, 39.36, 6.16, and 0.6% of total esters, respectively (Figure 4). The obtained results revealed the feasibility of oleaginous yeast lipids as a promising feedstock for biodiesel synthesis.




3.4. Quality of the Produced Biodiesel


The quality of biodiesel produced from the transesterification process of yeast lipids were assayed from the calculated physico-chemical characteristics. The obtained results revealed that the biodiesel characteristics, including density (0.89 g cm−3), kinematic viscosity (3.99 mm2 s−1), saponification number (151.19), iodine value (34.34), higher heating value (42.72 MJ kg −1), and Cetane Number (63.86) were fit with the standard US ASTM D6751 and EU EN 14214. In addition, the proportion of FAME with double bonds (C18:2) was 0.36%; FAME with more than four double bonds was not recorded in the produced biodiesel (Table 6).




3.5. Biosorption of Congo Red


3.5.1. Impact of pH on Removal of Congo Red


The impacts of pH on the biosorption of Congo red from aquatic solution by de-oiled biomass was assayed at an initial Congo red concentration of 50 mg L−1, with 15 min contact time, at 30 °C. The obtained data revealed that the decolorization percent of Congo red was enhanced by increasing the pH value of the solution from 2.0 to 6.0, and then the biosorption efficiency decreased (Figure 5).




3.5.2. Impact of Contact Time


The impact of contact time on Congo red removal by de-oiled yeast biomass was explained in Figure 4. The potential removal of Congo red by the waste biomass took place rapidly within about 15 min, removing 83.9% of the Cong red; then, equilibrium was noticed by increasing time by more than 15 min, and at the short equilibrium time (15 min) as shown in Figure 6.





3.6. Biosorption Isotherm


Langmuir isotherm was assayed to the biosorption results of Congo red by de-oiled yeast biomasses. The mathematical equation (Equation (10)) used in the Langmuir model was as follows:


    q   e q   =     q   m a x   × b ×   C   e q     1 + b ×   C   e q      



(10)




and the linear Langmuir formula (Equation (11)) is


      C   e q       q   e q     =   1     q   m a x   × b   +     C   e q       q   m a x      



(11)








	
Ceq = the Congo red equilibrium concentration (mg L−1),



	
qeq = equilibrium adsorption amount (mg g−1).



	
qmax = maximum biosorption capability of the dye per gram of de-oiled biomass (mg g−1).



	
b = Langmuir constant (L mg−1) represents the de-oiled yeast biomass/Congo red affinity (L mg−1). The values (b) and qmax can be determined from the values of the intercept and slope of Ceq/qe versus the Ceq plot.








The biosorption of Congo red by de-oiled yeast biomasses was applied at initial Congo red concentrations (10–100 mg L−1), contact time (15 min), and pH 6 (Figure 7). When the Congo red concentration increased, the biosorption efficiency reduced. Figure 8 shows the relationship between the amount of Congo red dye adsorbed by de-oiled yeast biomasses versus the Congo red dye concentration remaining in the solution and the obtained data were fitted well with the Langmuir model. The calculated Langmuir parameters showed that the highest biosorption capability (qmax) of Congo red by de-oiled yeast biomasses was 81.697 mg g−1, the calculated (b) was 0.24 L mg−1 and correlation coefficients (R2) was 0.977.




3.7. Fourier-Transform Infrared Spectroscopy (FTIR) Analysis of De-Oiled Biomass Wastes


The obtained results of the FTIR spectra of the functional group for de-oiled biomass revealed the existence of a hydroxyl (OH) group at 3385.80 cm−1, amino (NH) group at 2925.21 cm−1, methylene (CH2) groups at 2854 cm−1, carbonyl (C=O) group at 1747 cm−1, phosphate (PO4) groups at 1239 cm−1, and the shifting of organic phosphate groups (PO2−3) at 1078 cm−1 (Figure 9).





4. Discussion


It was reported that carbohydrates and other substrates can be metabolized into intracellular lipids by a variety of bacteria, algae, yeasts, and fungi. Microbes are classified as “oleaginous” if intracellular lipid accumulation amounts are higher than 20% of the cell dry weight (CDW). Thus, the tested yeast isolate Rhodotorula toruloides Y1124 was considered a potent oleaginous microorganism, exhibiting a high lipid content of 47.83% and yeast dry mass of 7.8 + 1.5 g L−1. Rhodotorula toruloides (formerly known as Rhodosporidium toruloides) is red yeast, first isolated from the air in China in 1922 and named Torula rubescen [37]. R. toruloides is a heterothallic and dimorphism yeast (that exists either in the unicellular yeast morph or as a mycelial morph), and was recorded in different habitats [41,42]. R. toruloides is related to the phylum Basidiomycota; class Microbotryomycetes; order Sporidiobolales; and family Sporidiobolaceae [43]. R. toruloides showed a high potentiality to accumulate intracellular lipids (single cell oil) to more than 70% of its cell dry weight [44] as well as produce value-added green chemicals, e.g., fatty alcohols, fatty acid esters, carotenoids, sesquiterpenes, and (bio-cement) building block chemicals [45]. Due to the huge demand in the food industry, using lipids produced from edible feedstock for large-scale biodiesel production is not a sustainable practice [46]. Thus, a search for innovative non-edible materials is required to fulfill this requirement. Non-edible feedstocks are considered alternative resources for biodiesel manufacturing that can lower feedstock prices [46]. Oleaginous microorganisms are currently thought to be the most effective feedstock for the manufacture of biodiesel [47] because of their similarity to vegetable oils. Microbial oils have a number of advantages, including productivity that is typically higher than that of plants or vegetable oils, easier upstream and downstream processing, simple genetic modification for high lipid yields, and the ability to grow in a controlled environment independent of the weather or geography [48,49]. In addition to these fascinating features, some oleaginous yeast can use organic wastes as carbon sources for lipid biosynthesis [50], and utilizing different low-cost substrates, like municipal and agricultural organic waste, could indicate a commercially viable synthesis of microbial lipids. This strategy has the combined benefit of lowering the need for waste treatment and disposal while also producing lipids for various industrial uses, which can undoubtedly aid in the shift from a linear to a regenerative circular economy [50]. On the hand, the downstream processes, such as yeast harvesting, cell disruption, lipid extraction, and the high-cost organic substrates, are considered the important obstacles to be overcome for rendering microbial lipid production economically viable [51,52].



Various yeast species showed intracellular lipid accumulation levels that can exceed 80% of CDW, including Rhodotorula sp. (formerly known as Rhodosporidium), Yarrowia lipolytica, and Lipomyces sp. Interestingly, the oleaginous yeast Rhodosporidium toruloides was considered an industrial potential single-cell microbe that showed a high potential to accumulate higher amounts of lipids that were used as a feedstock for biodiesel production [53,54,55]. In the current investigation, we aimed to optimize lipid accumulation by the yeast isolate Rhodotorula toruloides Y1124 using the Plackett–Burman design and central composite design in order to maximize the lipid accumulation capability by the oleaginous yeast for biodiesel production. Then, the de-oiled yeast wastes that remained after lipid extraction for biodiesel production were utilized as biosorbents for the removal of toxic Congo red dyes from aquatic solutions. Increasing intracellular lipid accumulation can be accomplished by determining the best conditions for culture and the ideal composition of the medium [56]. In addition, many fermentation factors are suggested to be responsible for the efficient accumulation of lipids. For this purpose, the approaches for designing statistical experiments could offer a scientific and effective way to achieve goals and objectives while also exploring a number of control factors. Consequently, these techniques can be applied to analyze and improve these operational factors, as well as to understand the interaction effects of various parameters [57,58,59].



4.1. Optimization of Lipid Accumulation by Oleaginous Yeast


In this context, improving the cultivation conditions and nutritional variables is necessary to increase lipid accumulation by oleaginous microorganisms [57]. In addition, the lipid content and profiles of oleaginous microorganisms differ depending on the environment and conditions of cultivation, including the culture medium’s composition, nutrients, pH, temperature, and the tested microbe [60]. To increase lipid productivity, the previously mentioned parameters should be optimized because they have a prevalent impact on oleaginous microorganism development and lipid synthesis. The obtained data from the tested design revealed that the tested variables, glucose, temperature and ammonium sulphate, were the most significant factors, whereas the central composite design revealed that the glucose concentration and incubation temperature were the most effective parameters and significantly impacted lipid accumulation yielding the highest lipid content (64.8%). The amount of lipids obtained by oleaginous yeast using the statistical design of optimized variables is quite good compared with previously published data (Table 7). In addition, the optimum culture and environmental parameters for lipid accumulation by Rhodotorula toruloides were recorded at glucose concentration (38 g L−1), (NH4)2SO4 (2 g L−1), KH2PO4 (1 g L−1), yeast extract (0.5 g L−1), initial pH value 7, and an incubation temperature of 30 °C for an incubation period of 4 days.



Interestingly, it was reported that the statistical design analysis for lipid production enhancement by Rhodotorula sp. IIP- using response surface methodology revealed that the tested variables pentose sugar, yeast extract, KH2PO4, (NH4)2SO4, temperature, and pH significantly affect lipid production [69]. In addition, the results of Plackett–Burman statistical design for the enhancement of lipid production by Pichia cactophila stated that the most effective parameters were glycerol, yeast extract, urea, and NH4NO3 [70]. Furthermore, Thangavelu et al. [63] reported that under the optimum conditions for lipid production by Candida tropicalis ASY2, the highest yield (2.68 g L−1) was recorded with starch content, 15.33 g L−1; yeast extract, 0.5 g L−1; and airflow rate in a bioreactor 5.992 L min−1. Saran et al. [67] stated that the highest lipid accumulation by R. toruloides was attained using RSM optimized medium containing 75 g L−1 glucose; 2.75 g L−1 NaNO3; 2.5 g L−1 yeast extract; and 0.5 g L−1 MgSO4, and the production was scaled up in a 30 L bioreactor, resulting in a 22-fold increase in lipid content. Interestingly, Li et al. [71] stated that the majority of lipid-producing microorganisms were known to utilize glucose to accumulate higher levels of lipids. In addition, the highest lipids contents (52.42%) were recorded in the presence of yeast extract as nitrogen sources, while inorganic nitrogen sources were better for microbial cell growth than lipid accumulation [72]. According to several studies, the carbon concentration of the culture medium was found to have a significant impact on microbial lipid synthesis by oleaginous yeasts [73,74]. Furthermore, Karim et al., [58] reported that lipid synthesis increases with longer incubation times in the early stages of operation, but it starts to decline after a few days of operation due to the microbial breakdown of stored lipids. This suggests that incubation time has a significant impact on the performance of lipid accumulation. It is widely known that oleaginous microorganisms first store lipids, particularly during the lag/log phase, and begin to degrade lipids under carbon-deficient conditions [75].



Consequently, yeasts are distinguished by their rapid developments, short life cycles, lack of dependence on light energy, simple to scale-up, and utilization of a variety of carbon sources [18]. Consequently, a substantial number of studies was carried out to improve microbial oil production by oleaginous fungi [76,77,78,79,80,81]. Oleaginous yeasts are considered potential alternatives to petro-oil and available oil resources for biodiesel production [82]. In this study, the chemical transesterification process of Rhodotorula toruloides lipids recorded biodiesel yield 82.12% FAMEs of the total analytes and the most common fatty acid methyl esters were hexadecanoic methyl ester (C17:0) and 11-octadecenoic methyl ester (C19:1) comprising 30.04 and 39.36% of total methyl esters, respectively. In addition, nananedioic, octadecanoic, and cyclopropanebutanoic methyl esters were also detected, which revealed the compatibility of oleaginous yeast lipids with plant oils [70]. Furthermore, the obtained results of the biodiesel quality characteristics in the current study were compatible with the range of the standard characteristics of US ASTM D6751 biodiesel and EU EN 14214. Thus, the obtained results revealed the feasibility of oleaginous yeast lipids as a promising feedstock for biodiesel synthesis. Due to the variable fatty acid content of biodiesel, it has various physicochemical characteristics. The main factors that determine the qualities of biodiesel are its composition of fatty acids, including saturated, monounsaturated, and polyunsaturated fatty acids. Three criteria, namely oxidation, thermal, and storage stabilities, can be used to analyze biodiesel stability. The most crucial of these criteria is oxidation stability due to biodiesel having a low oxidation tolerance. Oxidation stability is significantly related to the degree of unsaturation and the number of double bonds in the polyunsaturated fatty acid chain in the ester molecule, which readily react with air to degrade biodiesel oxidation stability. In addition, other crucial biodiesel characteristics and quality like density, kinematic viscosity, cetane number, acid value, pour and cold filter plugging points may also degrade further [19,83].




4.2. Biosorption of Congo Red by De-Oiled Yeast Biomasses


The impacts of pH on the biosorption of Congo red by de-oiled biomass showed that the Congo red decolorization percent was enhanced by increasing the pH value of the solution until pH value was 6.0, at which point the decolorization efficiency decreased. In acidic solutions, hydrogen proton (H+) is easily joined with SO3− groups in Congo red, so the decolorization percent increased through the electrostatic attraction force between molecules [84], whereas in the alkaline solution (pH > 7), OH− groups increased in the solution, and at the same time the yeast cell walls contained many negative charges; consequently, there was an electrostatic repulsion force between de-oiled yeast biomasses and Congo red dye [85], resulting in a decrease in the Congo red decolorization rate.



The results of Congo red removal by increasing contact time revealed the potential of de-oiled yeast biomasses for removing Congo red from contaminated wastewater within 15 min, removing 83.9%, and this may be due to available binding sites for Congo red particles on the de-oiled yeast biosorbents. The obtained results indicated that the Congo red can be absorbed freely by the de-oiled yeast active sites, so the adsorbed amount increases rapidly; then, the active sites are filled by the Congo red dye and the adsorption capability decreases [86].



Biosorption isotherm using the Langmuir model was assessed for the Congo red biosorption data using de-oiled yeast biomasses [87,88]. The obtained data revealed that, when the Congo red concentration increased in solution, the removal efficiency decreased due to the saturation of the adsorption active sites on the adsorbent [89]. In addition, the obtained data illustrating the relationship between the Congo red amount adsorbed and the residual Congo red concentration in the solution fitted well with the Langmuir model. Furthermore, the calculated Langmuir parameters revealed that the qmax was 81.70 mg g−1 and the calculated (b) was 0.24 L mg−1, indicating the de-oiled yeast biomass-biosorbent affinities, and this shows that Congo red was favorably adsorbed by the de-oiled yeast biomasses [90]. The high correlation coefficients (R2 = 0.977) indicated that the Langmuir model explains the Congo red biosorption equilibrium by the de-oiled biomass in the tested concentration ranges. It was stated that the Langmuir isotherm depends on the hypothesis of monolayer coverage of the tested dye onto a biosorbent with the homogenous surface, i.e., the biosorbent consists of similar sites with equal binding energy [91].



The biomass of microorganisms showed many functional groups that had the potential to sequester toxic dyes in aquatic solutions [21,92]. The FTIR spectra of de-oiled biomass revealed the existence of many functional groups such as hydroxyl (OH), amino (NH), methylene (CH2), carbonyl (C=O), and phosphate (PO4) groups. The presence of these characteristic functional groups could explain the mechanism of the biosorption process. The biosorption mechanism may be illustrated through the electrostatic interaction by opposite charges of the biosorbent and Congo red. The presence of the positively charged NH4- of Congo red encourages the electrostatic force with negatively charged PO4−3 and COO-. In addition, the negatively charged sulfonate groups of CR may be electrostatically attracted to the amine groups of the adsorbent. Because of the recording of H-donor groups like OH−, COO−, NH2, and CH2 on the adsorbent surface, a hydrogen-bonding interaction with Congo red will take place during the adsorption process. Furthermore, the Biosorption mechanism may be due to the formation of H bonds between the nitrogen or sulfur atoms of the Congo red dye and OH and COOH groups [93], or due to Yoshida-bonding occurring between the aromatic rings of CR and H-donor groups of the de-oiled yeast biomass [94]. Similarly, it was implied that the CH2 and CH3 groups were involved in the H-bonding [95,96].





5. Conclusions


The obtained results for optimizing the lipid accumulation process by the biomass of Rhodotorula toruloides revealed that the optimum conditions were glucose concentration (38 g L−1), (NH4)2SO4 (2 g L−1), KH2PO4 (1 g L−1), yeast extract (0.5 g L−1), temperature 30 °C, pH 7, and an incubation period of 4 days, which resulted in 64.8% of the total lipids being accumulated. The produced biodiesel yield from yeast biomass was 82.12% FAMEs and the most dominant fatty acid methyl ester was 11-octadecenoic, which accounted for 39.36% of total methyl esters. Biodiesel production from low-cost oleaginous yeast showed a potential applicability, but the extraction technique of microbial lipid is considered a major limitation. In the current study, the de-oiled biomass wastes were reutilized after biodiesel synthesis as a biosorbent and showed a high efficiency in removing Congo red dyes from aquatic solutions. The maximal biosorption capacity (qmax) was 81.697 mg g−1, and this may attributed to the unique structures of functional groups of the de-oiled biomass, such as COOH, OH, NH2, and CH2 that facilitate the biosorption process through electrostatic forces, hydrogen bonding, and ion exchange mechanisms. The limitation of this technique in the downstream process includes the separation and collection of the biosorbent after the biosorption process, and this drawback may be compensated for by using a low-cost biological immobilizing agent. The present study revealed that oleaginous yeast lipids may provide a prospective low-cost, eco-friendly feedstock for biodiesel synthesis, as well as having the potential to be applied in de-oiled biomass wastes for Congo red dye removal.
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	Analysis of variance



	CaCl2 2H2O
	Calcium chloride dihydrate



	CCD
	Central composite design



	CR
	Congo red



	FAMEs
	fatty acid methyl esters



	FTIR
	Fourier-transform infrared spectroscopy



	GC/MS
	Gas chromatography/mass spectrum



	KBr
	Potassium bromide



	KH2PO4
	Potassium dihydrogen phosphate



	MgSO4 7H2O
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	PBD
	Plackett–Burman design
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Figure 1. Pareto chart for total lipids accumulated by the oleaginous yeast. 
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Figure 2. Box-Cox Plot for lipid accumulation obtained from PBD model. 
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Figure 3. Three-dimensional plots of lipid accumulation by oleaginous yeast exhibit the impacts of some combined cultural and environmental parameters: (A) interaction of glucose/pH; (B) interaction of glucose/yeast extract; (C) interaction of glucose/(NH4)2SO4; (D) interaction of glucose/KH2PO4; (E) interaction of pH/(NH4)2SO4; (F) interaction of yeast extract/pH; (G) interaction of pH/temperature; and (H) interaction of incubation period/pH. 
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Figure 4. GC/Ms graph showing the composition of biodiesel produced from the chemical transesterification process of oleaginous yeast lipids. 
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Figure 5. Effect of pH on the removal of Congo red. 
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Figure 6. Effect of contact time on the removal of Congo red. 
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Figure 7. Effect of Congo red concentration (mg L−1) on the removal efficiency. 
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Figure 8. The linear Langmuir formula for adsorption isotherm of Congo red dye by de-oiled yeast biomass wastes. 






Figure 8. The linear Langmuir formula for adsorption isotherm of Congo red dye by de-oiled yeast biomass wastes.



[image: Sustainability 15 13412 g008]







[image: Sustainability 15 13412 g009] 





Figure 9. FTIR analysis of de-oiled biomass wastes. 
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Table 1. Levels of the tested parameters for lipid accumulation by Rhodotorula toruloides.
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Factor Code

	
Tested Factor

	
Unit

	
Level




	
Low (−1)

	
High (+1)






	
A

	
Glucose

	
g L−1

	
25

	
35




	
B

	
(NH4)2SO4

	
g L−1

	
1.50

	
2.50




	
C

	
KH2PO4

	
g L−1

	
0.50

	
1.50




	
D

	
Yeast extract

	
g L−1

	
0.25

	
0.75




	
E

	
Temperature

	
°C

	
25

	
35




	
F

	
pH

	

	
6

	
8




	
G

	
Incubation period

	
Days

	
3

	
5











 





Table 2. Lipid accumulation (%) and dry biomass (g L−1) of tested yeast isolates.
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Test

	
Total Lipids %

	
Yeast Dry Biomass (g L−1)




	
Yeast Isolates

	






	
Y1110

	
29.14 ± 2.16

	
6.82 ± 0.52




	
Y1118

	
35.02 ± 1.96

	
4.73 ± 1.14




	
Y1119

	
14.91 ± 0.96

	
5.71 ± 0.83




	
Y1120

	
18.16 ± 1.14

	
9.06 ± 0.72




	
Y1124

	
47.83 ± 1.37

	
7.80 ± 1.50




	
Y1133

	
30.42 ± 2.05

	
5.62 ± 0.94




	
Y1136

	
21.07 ± 1.46

	
8.04 ± 0.92




	
Y1201

	
16.72 ± 1.53

	
7.94 ± 1.05




	
Y1204

	
26.55 ± 0.88

	
4.95 ± 0.47




	
Y1205

	
19.03 ± 0.70

	
8.13 ± 0.68




	
Y1206

	
41.43 ± 1.85

	
5.92 ± 1.21




	
Y1208

	
39.85 ± 1.09

	
7.05 ± 0.90




	
Y1210

	
13.28 ± 0.64

	
4.22 ± 1.83











 





Table 3. Morphological and physiological characteristics of the isolated pathogenic bacterial isolate.
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	Parameter
	Result





	Phenotypic Characteristics
	



	Colony color
	Pink colored



	Shape
	Globose to subglobose cells



	Budding
	Present



	Pseudohyphae
	May be present



	Biochemical reactions
	



	Urease test
	+



	Nitrate reductase
	−



	Indole production
	−



	Soluble starch
	−



	Glucose
	+



	Xylose
	+



	Sucrose
	+



	Galactose
	+



	Lactose
	−



	Maltose
	+










 





Table 4. Analysis of variance (ANOVA) of the PDB results for lipid accumulation by oleaginous yeast.
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	Source
	Sum of Squares
	Df
	Mean Square
	F-Value
	p-Value
	





	Model
	1857.31
	5
	371.46
	111.84
	<0.0001
	Significant



	A-glucose
	1349.70
	1
	1349.70
	406.38
	<0.0001
	Significant



	B-(NH4)2SO4
	11.56
	1
	11.56
	3.48
	0.1113
	not significant



	E-Temperature
	58.09
	1
	58.09
	17.49
	0.0058
	Significant



	AB (glucose:(NH4)2SO4)
	120.15
	1
	120.15
	36.18
	0.0010
	Significant



	BE ((NH4)2SO4: Temperature)
	31.33
	1
	31.33
	9.43
	0.0219
	Significant



	Residual
	19.93
	6
	3.32
	
	
	



	Cor Total
	1877.24
	11
	
	
	
	










 





Table 5. ANOVA statistical analysis of the CCD results for lipid accumulation by oleaginous yeast.
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	Source
	Sum of Squares
	Df
	Mean Square
	F-Value
	p-Value
	Significance





	Model
	1655.89
	18
	91.99
	1.9700
	0.0471
	Significant



	A—Glucose
	569.90
	1
	569.90
	12.2100
	0.0015
	Significant



	B—(NH4)2SO4
	106.35
	1
	106.35
	2.2800
	0.1413
	not significant



	C—KH2PO4
	11.94
	1
	11.94
	0.2557
	0.6167
	not significant



	D—Yeast extract
	2.73
	1
	2.73
	0.0584
	0.8106
	not significant



	E—Temperature
	1.59
	1
	1.59
	0.0340
	0.8550
	not significant



	F—pH
	385.06
	1
	385.06
	8.2500
	0.0073
	Significant



	G—Incubation period
	42.21
	1
	42.21
	0.9043
	0.3490
	not significant



	AB (Glucose: (NH4)2SO4)
	20.97
	1
	20.97
	0.4492
	0.5077
	not significant



	AC (Glucose: KH2PO4)
	9.89
	1
	9.89
	0.2118
	0.6486
	not significant



	AD (Glucose: yeast extract)
	133.58
	1
	133.58
	2.8600
	0.1007
	not significant



	AE (Glucose: temperature)
	7.32
	1
	7.32
	0.1568
	0.6948
	not significant



	AF (Glucose: pH)
	1.48
	1
	1.48
	0.0317
	0.8597
	not significant



	AG (Glucose: incubation period)
	4.67
	1
	4.67
	0.1001
	0.7538
	not significant



	BF ((NH4)2SO4: pH)
	28.28
	1
	28.28
	0.6058
	0.4423
	not significant



	CF (KH2PO4: pH)
	3.10
	1
	3.10
	0.0665
	0.7983
	not significant



	DF (yeast extract: pH)
	98.99
	1
	98.99
	2.1200
	0.1554
	not significant



	EF (temperature: pH)
	6.31
	1
	6.31
	0.1351
	0.7157
	not significant



	FG (pH: incubation period)
	81.07
	1
	81.07
	1.7400
	0.1972
	not significant



	Residual
	1446.94
	31
	46.68
	
	
	



	Lack of fit
	1237.77
	26
	47.61
	1.1400
	0.4909
	not significant



	Pure error
	209.17
	5
	41.83
	
	
	



	Cor Total
	3102.83
	49
	
	
	
	










 





Table 6. The physico-chemical characteristics of fatty acid methyl esters produced by transesterification of yeast lipids.
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Character

	
Value

	
Standard




	
US Biodiesel Standard

ASTM D6751

	
EU Biodiesel Standard

EN 14214






	
Density (g·cm−3)

	
0.89

	
NS

	
0.86–0.90




	
Viscosity (40 °C; mm2 s−1)

	
3.99

	
1.9–6.0

	
3.5–5.0




	
SN

	
151.19

	
NS

	
NS




	
IV

	
34.34

	
NS

	
120 max




	
HHV (MJ kg −1)

	
42.72

	
NS

	
NS




	
CN

	
63.86

	
47–65

	
51 min




	
Concentration of linolenic acid (C18:2) (%)

	
0.36

	
NS

	
12 max




	
FAME with ≥4 double bonds (%)

	
ND

	
NS

	
1 max











 





Table 7. Lipid accumulation by various oleaginous yeasts.
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	Yeast Isolates
	Maximum Lipid Content %
	References





	Yarrowia lipolytica
	26.02
	[61]



	Rhodotorula toruloides
	43.80
	[62]



	Candida tropicalis ASY2
	45.96
	[63]



	Lipomyces starkeyi
	28.40
	[64]



	Cryptococcus curvatus MTCC 2698
	28.30
	[65]



	Trichosporon cutaneum
	49.10
	[66]



	Rhodosporidium toruloides A29
	53.51
	[67]



	Yarrowia lipolytica NCIM 3589
	64.50
	[68]



	Rhodotorula toruloides Y1124
	64.80
	This study
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