Optimization of Chlorella vulgaris cultivation grown in waste molasses syrup using mixture design
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Abstract:
[bookmark: _Hlk104782601]The aim of this study was to determine and optimize culture media for Chlorella vulgaris microalgae under mixotrophic conditions using waste molasses as a cheap carbon source containing both organic carbons and other nutrients. In the current study, at first the growth and lipid productivity of Chlorella vulgaris were assessed in different culture media and the best media was selected for mixotrophic growth conditions. Significant medium ingredients were screened through Plackett–Burman design. Then ingredients with positive effect were considered as a mixture component and their combinations were evaluated on lipid productivity using mixture design. According to results, Zarrouk medium was considered as the base medium with the highest biomass and lipid productivity of 72 and 7.1 mg/l.d , respectively. Based on the Plackett–Burman design, out of eleven factors, molasses, NaNO3 and K2HPO4 demonstrated key roles in biomass and lipid productivity in mixotrophic conditions. Consequently, the selected three factors were investigated by mixture design. The results showed that high concentration of molasses causes decrease in biomass and lipid productivity due to high turbidity and a blend consisting of approximately 9.5 g/l molasses, 5 g/l NaNO3 and 0.15 g/l K2HPO4 was found as the optimum mixture with obtained lipid productivity of 115 mg/l.d. In conclusion, waste molasses can be used as a promising feedstock for cost effective cultivation of C. vulgaris.
 Keywords: Chlorella vulgaris, Lipid productivity, Waste molasses syrup, Mixture Design
1. Introduction
Microalgae have gained a lot of attention as biofactories enriched with high-value biomolecules such as polyunsaturated fatty acids (PUFAs), polysaccharides, proteins, colorants, vitamins, and antioxidants (Mutanda et al. 2020); these valuable bioactive compounds can be utilized in renewable energy, food, feed, pharmaceutical, and nutraceutical and cosmetic industries (Gangl et al. 2015). Furthermore, microalgae cultivation can be an effective technique for wastewater bioremediation, and removal of high levels of nitrogen, inorganic phosphorus, and heavy metals (Ummalyma et al. 2022).
Microalgae biomass is the ideal source due to high growth rates (Mohammadi, Arabian, and Khalilzadeh 2016), the ability to grow on non-arable land, utilizing waste water or waste CO2 streams for their photosynthesis and easily adaptation to environmental stress (Maity et al. 2014; Krichen et al. 2019). Chlorella vulgaris is a remarkable fast-growing microalgae species which contains valuable amount of lipids with suitable profile of fatty acids applicable for biofuel production, food supplementary, feed for farm animals and birds, aquaculture, etc. (Maltsev and Maltseva 2021). Although, using microalgae can be economically beneficial when large-scale cultivation and harvesting systems are constructed (Aro 2016; de Souza Sossella et al. 2020). One of the barriers impeding for commercial applications of microalgae is the low lipid productivity leading to high cultivation cost (Kim et al. 2019).
[bookmark: bau0005]Various studies have proven that optimizing nutritional conditions such as concentration of carbon, nitrogen, and phosphorous sources along with environmental parameters substantially influence on biomass and lipid productivity of microalgae (Mata, Martins, and Caetano 2010). Skorupskaite et al. indicated that the microalgae growth was significantly dependent on the glycerol and nitrogen concentration in growth medium (Skorupskaite, Makareviciene, and Levisauskas 2015). Various microalgae species are capable of consuming carbohydrates such as glucose directly and convert them to lipid (Yan et al. 2011). Several microalgae (e.g., C. vulgaris) can consume both organic and inorganic carbon source in a simultaneous metabolism (Vidotti et al. 2020). Furthermore, many investigations have revealed that mixotrophic cultivation leads to higher biomass and lipid productivity in comparison to photoautotrophic and heterotrophic conditions (Dragone 2022). Shen et al. demonstrated in their study that the tricarboxylic acid (TCA) cycle is more activated in mixotrophic culture causing more fatty acid synthesis in C. vulgaris cells in comparison to heterotrophic culture (Shen et al. 2019). 
However, using pure organic compounds decrease economic feasibility and practicability of mixotrophic cultivation and instead cheap sources such as molasses can be replaced and consequently cultivation cost reduces extremely (Dragone 2022; Yan et al. 2011; Yew, Khoo, et al. 2020). 
[bookmark: _Hlk100245178]Molasses syrup is one of the most profitable by-products extracted from the process of obtaining refined white sugar from sugarcane.  It roughly contains 40-50 % sugar such as sucrose and fructose and is rich in microelements (e.g., Ca2+, Mg2+, K+, Fe2+) (Caballero, Trugo, and Finglas 2003; Yan et al. 2011). So, it can provide large amounts of nutrients for microalgae growth (Yew, Puah, et al. 2020; Silva et al. 2021).
[bookmark: _Hlk104779421]The experimental designs are broadly used for optimization of analytical methods which enables evaluation of several variables simultaneously at numerous levels with a few experimental runs (Collins, Dziak, and Li 2009). The process of obtaining an optimized medium for achieving maximum productivity involves two steps. The first step is screening of the significant medium ingredients influencing productivity; identifying ingredients with positive effect on production, and eliminating those having negative effect or no influence. Once the significant components are screened, the second step of media optimization is to discover interactions amongst critical media components and the optimum concentration of each component (Rispoli and Shah 2007). One of the most frequently used statistical experimental design for screening is Plackett–Burman design, which is based on fractional factorial design, investigating the factors at two levels. The Plackett–Burman design does not determine the type of interaction between variables (Rispoli and Shah 2007). But in fact, many variables are related to responses in a non-linear manner. Mixture design has been the topic of many researches as it can efficiently investigate the interaction influence amongst factors on the response variable, and subsequently eliminate both neutral and negative-factors (Rispoli and Shah 2007). In a mixture statistical design, the factors are the ingredients or components of a mixture with proportionate amounts and the response relies on the relative proportions of the components (Bredda et al. 2020).
[bookmark: _Hlk101461703]In the present research, the culture medium containing waste molasses was applied and optimized for C. vulgaris cultivation. The main variables were screened and selected using Plackett-Burman Design (PBD). Then optimization of mixotrophic cultivation was performed by employing mixture design in order to reach the maximum amount of biomass and lipid productivity.
2. Materials and methods
2.1. Microalgae strain, medium composition and pre-culture conditions
[bookmark: _Hlk101636838][bookmark: _Hlk101508536]The C. vulgaris investigated in this research was obtained from National Inland Water Aquaculture Institute, Bandar Anzali. The microalga was preserved and cultured in Z8 medium, containing the following components (g/l):  0.25 MgSO4.7H2O, 0.467 NaNO3, 0.059 Ca (NO3)2.4H2O, 0.031 NH4Cl, 0.02 Na2CO3, 10 ml of EDTANa2-Fe solution and 1 ml of the Gaffron micronutrients solution. The Gaffron micronutrients solution contained (g/l): 3.1 H3BO3, 2.23 MnSO4.4H2O, 0.22 ZnSO4.7H2O, 0.088 (NH4)6Mo7O24.4H2O, 0.146 Co (NO3)2.6H2O, 0.054 VOSO4.6H2O, 0.474 Al2(SO4)3 K2SO4.2H2O, 0.198 NiSO4(NH4)2SO4.6H2O, 0.154 Cd (NO3)2.4H2O, 0.037 Cr (NO3)3.7H2O, 0.033 Na2WO4.2H2O, 0.119 KBr, 0.083 KI. The EDTANa2-Fe solution contained 0.28 g/l FeCl3 and 0.37 g/l EDTANa2 (Kotai 1972).  The microalga strain was pre-cultured at 30°C under a light intensity of 40 µmol m-2 s-1 /2000 lux (illuminated by 40 W white fluorescent lamps) on a light: dark cycle of 12:12 hour, an agitation rate of 130 rpm.
2.2. Cultivation in different culture media
In order to find the best culture medium for C. vulgaris cultivation to obtain the highest biomass concentration, different common culture media of BG11 (Yew, Khoo, et al. 2020), BBM (Abolhasani et al. 2019), MBM, Zarrouk and Rudik were selected and C. vulgaris was cultivated in them under photoautotrophic conditions (George et al. 2014). The ingredients of these media are given in Table 1.
2.3.  Experimental setup for mixotrophic conditions 
[bookmark: _Hlk101509392]To prepare the mixotrophic medium, molasses and NaHCO3 were added to the basic medium. All cultivations were incubated for 7 days in 500 ml Erlenmeyer flasks including 200 ml of medium and 10% inoculation. Medium pH was preadjusted to 7. The cultures were illuminated by white fluorescent lamps in parallel of the Erlenmeyer flasks with light intensity of 2000 lux in a cycle of 12 h light and 12 h dark. The cultures were continuously stirred with an agitation speed of 130 rpm at 30°C in an orbital shaker-incubator. Every 24 h, culture sample was collected and examined for cell concentration and lipid content. All experiments were done in triplicate for data accuracy.
2.4. Preparation of waste molasses syrup
Waste molasses syrup was treated according to following method. First, it was diluted with distilled water in a ratio of 1:5 (w/v). Then it was centrifuged by Eppendorf Centrifuge 5810R (Eppendorf Co., Ltd., Hamburg, Germany) at 4500 rpm for 20 min. The pH of supernatant was reduced to pH: 3 using sulfuric acid and was heated at 120° C for 20 minutes. The solution was kept overnight at room temperature and then centrifuged. The prepared supernatant can be utilized as an organic carbon supplement for the microalgae cultivation. In this method, impurities such as heavy materials, dyes and many inhibitors are removed and helps hydrolyzing sucrose to glucose and fructose. It also helps depolymerization of all oligosaccharides in molasses (Yan et al. 2011). 
2.5. Determination of microalgae cell concentration and specific growth rate
Microalgae growth was monitored daily by measuring the optical density at a wavelength of 600 nm (OD600nm) through a UV-vis spectrophotometer (Model U-2001, Hitachi, Tokyo, Japan). By correlating the optical density with the dry weight of biomass, the following equation was obtained (Eq. 1): 
	Biomass concentration (g dry cell/l) = 0.49  OD600, (R2 = 0.97)
	(Eq. 1)


[bookmark: _Hlk98922146]Microalgae dry weight was specified by gathering samples from culture medium. The samples were centrifuged at 1500 g for 10 minutes by Eppendorf Centrifuge 5810R (Eppendorf Co., Ltd., Hamburg, Germany), then rinsed with double distilled water and dried at 70°C until constant weight was reached.
The specific growth rate of C. vulgaris is calculated through biomass and time, as follows (Eq. 2): 
(Eq. 2)
where N1 and N2 represents biomass concentrations at t1 and t2, the initial and end point of logarithmic growth phase, respectively (He et al. 2019). 
2.6. Estimation of lipid content and productivity
Microalgae cells harvested from the culture broth by centrifugation were disrupted by adding a 10% (w/v) NaCl solution with contact time of 48 hours (Safi et al. 2014). 
The lipid content of microalgae biomass was extracted according to Bligh and Dyer method. A mixture of chloroform and methanol (1:1 v/v) was added to cells. The bottom layer containing the extracted lipid and chloroform solvent was separated and transferred to a petri dish and heated until was totally evaporated and lipid content was measured gravimetrically (Bligh and Dyer 1959). The lipid productivity (P lipid) was calculated using the following equation (Eq. 3) (Yeh and Chang 2012):
	
	(Eq. 3)


2.7. Applying Plackett–Burman experimental design
[bookmark: _Hlk101758669]The Plackett-Burman design is a useful method of screening n variables to identify the significant variables that influences a process using a few experimental runs (n+1 experiments) (Thiruchelvi, Venkataraghavan, and Sharmila 2021). For the purpose of optimizing the nutrients for mixotrophic cultivation of C. vulgaris in Zarrouk medium, Plackett–Burman and mixture design provided in Design Expert (7.1.3) were employed for experimental design to perform an Analysis of Variance (ANOVA). The Plackett-Burman design is on the basis of first-order polynomial model (Eq. 4):

Where Y is the response, Β0 is the model intercept and Βi is the linear coefficient and Xi is the level of independent variable.
[bookmark: _Hlk103964079]By the Plackett-Burman statistical design, the effects of 11 independent elements within the region of three-dimensional observation space over 15 runs were evaluated. Each independent variable was investigated at a high (+) and a low (−) level and one center point (Table 2). The biomass productivity (mg/l. d), lipid content (%) and lipid productivity (mg/l. d) are the response variables which was subjected to analysis of variance. Measurements were carried out in triplicate and the mean value was taken as the response.
The parameters with P value less than 0.05 were considered to have major effect on biomass and lipid productivity and thus used for further optimization by mixture design.
2.8. Applying mixture experimental design
Parameters identified as significant ones by PBD were selected to prepare the blends. The low (−1) and high (+1) levels selected for the investigated factors are given in Table 3.
The statistical analysis of the experimental mixture design was conducted by multivariant analysis. The model was simplified to eliminate terms that were not statistically significant (p > 0.05) by analysis of variance (ANOVA).Biomass and lipid productivity as the response function (Y) of the mixture model is described by the following equation (Eq. 5):
                                                               (Eq. 5)
In Eq. 5, the parameter Βi represents the expected response of the pure mixture xi =1 , xj= 0, j≠i. The term given by  displays the response when there are no interactions between the ingredients of the mixture. The term  displays the extra response over the linear model due to interaction between two components. All mixture design tests were carried out in triplicate (Batista and Fernandes 2015).
3. Results and discussion
3.1.  The effects of media and cultivation conditions on biomass production 
To determine a proper medium for C. vulgaris growth, five types of media with different richness in nutrients (Table 1) were used to cultivate the microalga in this study.
[bookmark: _Hlk102650286][bookmark: _Hlk102652694]As shown in Fig. 1, C. vulgaris concentration was the highest in the Zarrouk medium in comparison with the other four culture media after 7 days. Maximum biomass concentration in the Zarrouk medium was 504 ±20 mg/l, with a specific growth rate of 0.61 d-1. The BG-11 and BBM medium cell concentration in day 7 of cultivation were 403± 35 mg/l and 273± 17 mg/l, with a specific growth rate of 0.54 and 0.41 d-1, respectively. Thus, cultivation in Zarrouk medium is considered for further experiments since biomass production and growth rate in this medium is higher due to a difference in the ratio of nitrogen concentration. The nitrogen concentration in Zarrouk and BG-11 medium is respectively 10 and 6 times the amount of nitrogen in BBM, MBM and Rudik medium, demonstrating that nitrogen source concentration is crucial for photoautotrophic cultivation of C. vulgaris (Xie et al. 2017). An examination conducted by Yeh et al. showed that using a nitrogen-rich medium in phototrophic cultivation leads to better cell growth in contrast with growth in nitrogen-poor medium (Yeh and Chang 2012).
It is worth mentioning that MgSO4.7H2O concentration in Zarrouk medium is approximately 2.5 times the concentration of MgSO4.7H2O in BG-11, BBM and MBM and 10 times the concentration in Rudik. And this help obtaining higher biomass concentration in Zarrouk medium. Mg2+ plays a critical role in photosynthetic activity as the central atom of the chlorophyll molecule. So, it is an essential nutrient for microalgal growth (Huang et al. 2014). A research carried out by Kong et al. demonstrated that based on the Plackett–Burman design, out of eleven factors, MgSO4.7H2O was selected as one of the most essential nutrients (Kong et al. 2012).
The results reported in Table 4 show that Zarrouk and BG-11 medium, which are rich in nitrogen and nutrients, resulted in lower lipid content. In contrast, BBM, MBM and Rudik medium with lower nitrate concentrations led to higher lipid content. These results clearly show that low nitrogen concentration can enhance lipid accumulation in microalgae cells (Yeh and Chang 2012). Generally, nitrogen starvation is a common technique that can be used for changing the cellular metabolism and boosting lipid accumulation in microalgal cells (Ratomski and Hawrot-Paw 2021; Yaakob et al. 2021). Chu et al. found that the highest lipid productivity of 58.39 mg/L/day in C. vulgaris was obtained under nitrogen deficiency (Chu et al. 2013). Research carried out by Abedini-Najafabadi revealed that cultivation under nitrogen starvation process shifted the flux to lipid production and a maximum value of lipid and fatty acid content at day 2 was obtained (Najafabadi et al. 2015). The correlation between the rise in lipid content and nitrogen depletion was also reported by Ansari et al (Ratomski and Hawrot-Paw 2021). 
3.2. Plackett-Burman Design
Plackett-Burman design was performed in the present research for 11 nutrients of mixotrophic cultivation of C. vulgaris in Zarrouk medium. The influence of 11 parameters gave 15 runs (Table 5). Parameters with p-value of ​​less than 0.05 are considered statistically significant and have the greatest impact on the response value.
Applying Plackett–Burman experimental design indicated that the maximum biomass and lipid productivity of C. vulgaris was obtained on trial 6. In equation 6 and 7, the coefficient of each parameter shows the effect of the parameters on responses of biomass and lipid productivity, respectively. 


               (Eq. 6)
	
	(Eq. 7)


As seen in Table 6, the model F-value of 104.49 and 155.89 for biomass and lipid productivity, respectively points that the model is significant. Values of ‘‘Prob > F’’ or “p-value” less than 0.05 indicate model terms are significant. So, molasses, NaNO3, and K2HPO4   have played key roles in biomass and lipid productivity. According to figure 2 (a, b, c), these three components exhibited a positive effect on lipid productivity and thus used for further optimization by mixture design. Carbon, nitrogen and phosphorus are major macronutrients for microalgae growth and regulation of metabolic activities (Chowdury, Nahar, and Deb 2020; Yaakob et al. 2021).
3.3. Mixture design
The optimal level of the key factors (molasses, NaNO3 and K2HPO4) and the effect of their interactions on biomass and lipid productivity from C. vulgaris were further explored by the mixture design.
As shown in Table 7, the mixture experimental design requires performing 20 experiments to do the screening. The biomass cultivation was performed in blends with different proportions of the four ingredients in water. The composition of these blends, as well as their corresponding values of biomass and lipid productivity are shown in Table 7.
After 7 days of cultivation, the maximum biomass and lipid productivity were 691 mg/l. d and 98 mg/l. d, respectively and it was obtained in the third blend with 14.1 g/l molasses, 5 g/l NaNO3 and 0.1 g/l K2HPO4. The lowest biomass and lipid productivity was 89 mg/l. d and 12.6 mg/l. d and it was observed in the fourteenth blend with 19 g/l molasses, 0.1 g/l NaNO3 and 0.1 g/l K2HPO4.
To follow, a mixture regression analysis (p < 0.05) was performed on the data to detect the possible effects of the blends’ proportions on the response of lipid productivity. The analysis of variance (Table 8) indicated that AC, BC, CD, ABC and ABD affected the response of lipid productivity. The contour plot depicting the factors and the response is shown in Fig. 3. This plot shows the relationship between the lipid productivity and the proportions of three components in a blend while keeping the fourth component of water at a constant value. 
As shown in Fig.3 and 4, increasing molasses concentration from 2.5 to 9.5 (g/l) caused increases in biomass and lipid productivity and further increase caused lower biomass and lipid productivity. High concentration of molasses inhibits microalgae growth due to high turbidity and inefficient light penetration.  The negative effect of molasses was also observed in table 7, in the fourteenth blend with highest amount of molasses and the lowest biomass and lipid productivity.
[bookmark: _Hlk104741475]In many researches, it has been demonstrated that wastewater and by-products obtained from industries contains particles or have dark color that prevents adequate light penetration necessary for microalgae growth (Silva et al. 2021). The positive effect of NaNO3 was observed in Fig.3 where the lipid productivity increased as NaNO3 concentration in the blends increased. Also results clearly show that highest biomass and lipid productivity can be reached at the lowest level of K2HPO4.
The model was validated by cultivating C. vulgaris at the optimal conditions suggested by the Design Expert, showed in Fig. 4 and according to the contour plot, the highest lipid productivity was predicted to be found in a blend consisting of approximately 9.5 g/l molasses, 5 g/l NaNO3 and 0.15 g/l K2HPO4. The obtained lipid productivity after 7 days of cultivation was 115 mg/l. d that this value is very close to the results predicted by the software (120 mg/l. d). 
Many studies investigated wastewaters and by-products of other industries as cost-effective sources of nutrients for microalgae growth. However, special considerations must be submitted regarding ingredients’ concentration which can hinder microalgae growth. Furthermore, the concentration of nutrients changes in different batches of by-products and it is necessary to study each batch separately (Moreno-Garcia et al. 2019). 
A study conducted by Yew et al. demonstrated that medium with 15% of the molasses without CO2 aeration during cultivation yielded the higher dry cell weight in comparison to cultivation in BG-11 medium (Yew, Puah, et al. 2020).
Mirzaie et al. used molasses and corn steep liquor for C. vulgaris growth as carbon and nitrogen sources, respectively and in comparison to autotrophic and heterotrophic growth, highest dry weight and lipid productivity was achieved in mixotrophic growth (Mohammad Mirzaie et al. 2016).
4. Conclusions
This study demonstrated that waste molasses, by-products generated from sugar industry available worldwide could be used as a promising cheap feedstock for C. vulgaris cultivation with lower cost. Besides that, the Plackett–Burman design was effectively used for screening variables and highest biomass and lipid productivity were achieved mixotrophically based on optimum point resulted from mixture design. In further studies, using molasses alone and the hydrolysis method can be investigated in order to reach optimal conditions for microalgae growth.
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Figures caption:
Fig. 1. Effect of different culture medium on the growth of C. vulgaris
Fig. 2 Positive effect of molasses (a), NaNO3 (b) and K2HPO4 (c) on lipid productivity of C. vulgaris
Fig.3. The effect of two component mixture of molasses and NaNO3 on lipid productivity
Fig.4. Optimum point recommended by mixture design (~ 9.5 g/l molasses, 5 g/l NaNO3 and 0.15 g/l K2HPO4 causes the highest lipid productivity of 120 mg/l. d)




















Table 1: The ingredients of various culture media 
	Ingredients
	BG 11 (g/l)
	BBM (g/l)
	MBM (g/l)
	[bookmark: _Hlk102643411]Zarrouk (g/l)
	Rudik (g/l)

	NaNO3
	1.5
	0.25
	
	2.5
	0.3

	KNO3
	
	
	0.25
	
	

	[bookmark: _Hlk102714377]MgSO4.7H2O
	0.075
	0.075
	0.075
	0.2
	0.01

	K2HPO4
	0.04
	0.1
	0.075
	0.5
	0.08

	KH2PO4
	
	0.175
	0.175
	
	0.02

	Ferric Ammonium citrate
	0.006
	
	
	
	

	Citric acid
	0.006
	
	
	
	

	FeSO4.7H2O
	
	0.00498
	0.002
	0.01
	

	FeCl3.6H2O
	
	
	
	
	0.017

	CaCl2.2H2O
	0.036
	0.025
	0.01
	0.04
	0.0585

	K2SO4
	
	
	
	1
	

	KOH
	
	0.031
	
	
	

	NaCl
	
	0.025
	0.025
	1
	0.02

	EDTA.2Na
	0.001
	0.05
	
	0.08
	0.00868

	Trace element solution
	
	
	
	
	

	[bookmark: _Hlk101717583]H3BO3
	0.00286
	0.01142
	0.00286
	0.00286
	0.0003

	[bookmark: _Hlk101717617]MnCl2.4H2O
	0.00181
	0.00144
	
	0.00181
	

	MnSO4.7H2O
	
	
	0.0025
	
	0.0015

	ZnSO4.7H2O
	0.000222
	0.00882
	0.000222
	0.000222
	0.0001

	Na2MoO4.2H2O
	0.00039
	0.00107
	0.000021
	0.0000177
	0.0006

	[bookmark: _Hlk101717886]CuSO4.5H2O
	0.000079
	0.00157
	0.000079
	0.000079
	0.00008

	Co(NO3)2.6H2O
	0.00005
	0.00049
	
	
	0.00026
































Table 2: Range of variables for PBD
	[bookmark: _Hlk101606817]Levels
	Ingredients/
Independent variables
	Code

	(+1)
	(0)
	(-1)
	
	

	15
	10
	5
	Molasses (g/l) 
	A

	1
	0.5
	0.1
	NaHCO3 (g/l)
	B

	3
	1.7
	0.4
	NaNO3 (g/l)
	C

	3
	1.6
	0.2
	K2HPO4 (g/l)
	D

	3
	1.6
	0.2
	K2SO4 (g/l)
	E

	3
	1.65
	0.3
	NaCl (g/l)
	F

	3.5
	2
	0.5
	MgSO4.7H2O (g/l)
	G

	0.125
	0.06
	0.05
	CaCl2 (g/l)
	H

	0.2
	0.11
	0.02
	FeSO4.7H2O (g/l)
	J

	0.2
	0.11
	0.02
	EDTA-Na2 (g/l)
	K

	5
	3
	1
	Trace solution (ml/l)
	L

































Table 3: Range of variables for mixture design
	Levels
	Ingredients
	Code

	(+1)
	(-1)
	
	

	19
	2.5
	Molasses (g/l) 
	A

	5
	0.1
	NaNO3 (g/l)
	B

	2.5
	0.1
	K2HPO4 (g/l)
	C

	990
	980.8
	Water (g/l)
	D
































Table 4: Growth characteristics of C. vulgaris in different culture media after 7 days
	Lipid Productivity (mg/l/d)
	Lipid Content (%)
	Biomass Productivity (mg/l/d)
	Biomass Concentration (mg/l)
	Specific Growth Rate (d-1) 
	Culture
Medium

	7.1
	9.9 ± 0.1
	72.00
	504 ±20
	0.61
	Zarrouk

	6.1
	10.7 ± 0.2
	57.50
	403± 35
	0.54
	BG-11

	4.3
	11.1 ± 0.2
	39.00
	273± 17
	0.41
	MBM

	3.7
	11.3± 0.2
	33.00
	231± 25
	0.4
	BBM

	1.9
	11.9± 0.2
	16.10
	113± 30
	0.18
	Rudik






















Table 5: Plackett–Burman design matrix for evaluating parameters influencing biomass and lipid productivity of C. vulgaris
	Run
	Molasses
	NaHCO3
	NaNO3
	K2HPO4
	K2SO4
	NaCl
	MgSO4.7H2O
	CaCl2
	FeSO4.7H2O
	EDTA-Na2
	Trace solution
	Biomass Productivity
	Lipid Productivity

	
	gr/lit
	gr/lit
	gr/lit
	gr/lit
	gr/lit
	gr/lit
	gr/lit
	gr/lit
	gr/lit
	gr/lit
	ml/lit
	mg/l.d
	mg/l. d

	1
	5
	0.1
	0.4
	0.2
	0.2
	0.3
	0.5
	0.05
	0.02
	0.02
	1
	172
	12.6

	2
	5
	1
	3
	3
	0.2
	0.3
	0.5
	0.125
	0.02
	0.2
	5
	213
	23

	3
	15
	0.1
	3
	3
	0.2
	3
	3.5
	0.125
	0.02
	0.02
	1
	335
	50

	4
	15
	1
	0.4
	0.2
	0.2
	3
	0.5
	0.125
	0.2
	0.02
	5
	246
	25

	5
	5
	0.1
	3
	0.2
	3
	3
	0.5
	0.125
	0.2
	0.2
	1
	181
	17

	6
	15
	0.1
	3
	3
	3
	0.3
	0.5
	0.05
	0.2
	0.02
	5
	384
	55

	7
	15
	1
	3
	0.2
	0.2
	0.3
	3.5
	0.05
	0.2
	0.2
	1
	296
	45

	8
	5
	0.1
	0.4
	3
	0.2
	3
	3.5
	0.05
	0.2
	0.2
	5
	165
	13.5

	9
	15
	0.1
	0.4
	0.2
	3
	0.3
	3.5
	0.125
	0.02
	0.2
	5
	248
	27

	10
	5
	1
	3
	0.2
	3
	3
	3.5
	0.05
	0.02
	0.02
	5
	147
	18

	11
	10
	0.5
	1.7
	1.6
	1.6
	1.65
	2
	0.065
	0.11
	0.11
	3
	207
	20

	12
	10
	0.5
	1.7
	1.6
	1.6
	1.65
	2
	0.065
	0.11
	0.11
	3
	225
	23.1

	13
	15
	1
	0.4
	3
	3
	3
	0.5
	0.05
	0.02
	0.2
	1
	281
	34.4

	14
	10
	0.5
	1.7
	1.6
	1.6
	1.65
	2
	0.065
	0.11
	0.11
	3
	225
	24

	15
	5
	1
	0.4
	3
	3
	0.3
	3.5
	0.125
	0.2
	0.02
	1
	190
	17.6








Table 6: ANOVA for the PBD
	Source
	Sum of Squares
	df
	Mean Square
	Biomass Productivity
	Lipid Productivity

	
	
	
	
	F Value
	p-value        Prob > F
	F Value
	p-value        Prob > F

	[bookmark: _Hlk103930318]Model
	37691.67
	11
	3426.515
	104.49
	0.0001
	155.89
	0.0001

	A-Molasses
	25668.75
	1
	25668.75
	260.31
	0.0001
	300.08
	0.0001

	B-NaHCO3
	468.75
	1
	468.75
	1.59
	0.5472
	1.971
	0.4861

	C-NaNO3
	5418.75
	1
	5418.75
	151. 23
	0.0021
	96.25
	0.0006

	D-K2HPO4
	3675
	1
	3675
	66.07
	0.0427
	67.01
	0.0514

	E-K2SO4
	168.75
	1
	168.75
	1.23
	0.0945
	1.01
	0.510

	F-NaCl
	1008.333
	1
	1008.333
	10.26
	0.0620
	8.81
	0.069

	G-MgSO4.7H2O
	168.75
	1
	168.75
	3.23
	0.0683
	2.36
	0.6512

	H-CaCl2
	252.0833
	1
	252.0833
	2.64
	0.0641
	6.76
	0.0638

	J-FeSO4.7H2O
	252.0833
	1
	252.0833
	1.64
	0.5951
	3.53
	0.8113

	K-EDTA.Na
	602.0833
	1
	602.0833
	6.56
	0.2612
	5.2
	0.3481

	L-Trace metal
	8.333333
	1
	8.333333
	0.4
	0.9971
	0.32
	0.6143













Table 7: Mixture design matrix for evaluating parameters influencing biomass and lipid productivity of C. vulgaris
	Run
	A:molasses (g/l)
	B:NaNO3
(g/l)
	C:K2HPO4
(g/l)
	D: water
(g/l)
	Biomass Productivity
(mg/l. d)
	Lipid Productivity
(mg/l.d)

	1
	16.6
	0.1
	2.5
	980.8
	163
	20.8

	2
	11.7
	5
	2.5
	980.8
	297
	39.3

	3
	14.1
	5
	0.1
	980.8
	691
	98

	4
	4.9
	5
	0.1
	990
	621
	89.7

	5
	2.5
	5
	2.5
	990
	151
	19.8

	6
	4.9
	5
	0.1
	990
	572
	80.5

	7
	9.8
	0.1
	0.1
	990
	228
	32.1

	8
	11.7
	5
	2.5
	980.8
	266
	36.2

	9
	6.15
	2.55
	1.3
	990
	268
	36.2

	10
	13.05
	2.55
	1.3
	983.1
	165
	20.8

	11
	14.4
	0.1
	0.1
	985.4
	175
	22.3

	12
	9.55
	2.55
	2.5
	985.4
	301
	41.4

	13
	7.4
	0.1
	2.5
	990
	177
	22.8

	14
	19
	0.1
	0.1
	980.8
	89
	12.6

	15
	2.5
	5
	2.5
	990
	254
	33.1

	16
	16.6
	0.1
	2.5
	980.8
	304
	41.4

	17
	8.3
	5
	1.3
	985.4
	482
	69.1

	18
	12
	0.1
	2.5
	985.4
	208
	27

	19
	7.4
	0.1
	2.5
	990
	217
	29

	20
	16.55
	2.55
	0.1
	980.8
	400
	55.8





Table 8: Anova for Mixture design matrix
	Source
	Sum of Squares
	df
	Mean Square
	Lipid Productivity

	
	
	
	
	F Value
	p-value Prob > F

	Model
	10990.5
	11
	999.1365
	35.15
	>0.0001

	Linear Mixture
	6305.108
	3
	2101.703
	62.53
	>0.0001

	AB
	19.68215
	1
	19.68215
	1.8112
	0.7675

	AC
	489.4446
	1
	489.4446
	12.9308
	0.0006

	AD
	34.8784
	1
	34.8784
	0.3442
	0.0864

	BC
	791.1345
	1
	791.1345
	26.8864
	>0.0001

	BD
	259.877
	1
	259.877
	6.9291
	0.0230

	CD
	549.1694
	1
	549.1694
	8.4954
	0.0462

	ABC
	461.7737
	1
	461.7737
	6.0019
	0.0423

	ABD
	434.7225
	1
	434.7225
	10.0061
	0.0093

	Residual
	479.8883
	8
	59.98604
	
	

	Lack of Fit
	112.9183
	3
	37.63943
	0.2841
	0.8210

	Pure Error
	366.97
	5
	73.394
	
	

	Cor Total
	11470.39
	19
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