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Abstract  
The biomass composition of Chlorella minutissima 26a was evaluated in different conditions for the 
microalgae cultured in landfill leachate in airlift photobioreactor operated in semi-continuous mode. The 
effects of the following factors in cells composition were evaluated: landfill leachate concentration (LC), 
CO2 percentual flow added in the gas stream (GP), aeration flow in the reactor (AF) and feed flowrate (FR). 
A Taguchi L9 orthogonal arrangement was used to evaluate the effects of those four factors on the following 
response variables: Biomass Productivity (BP), Lipid Productivity (LP), Carbohydrate Productivity (CP) 
and Proteins Productivity (PP). Results showed that the microalgae had high selectivity to produce proteins, 
reaching a maximum content of 69,60% in the following conditions: LC: 10%, GP: null, AF: 0,30 vvm and 
FR: 0.9 µmax vvm. The highest contents of lipid and carbohydrate were 17.4% (LC: 15%, GP: null, AF: 
0,45 vvm and FR: 0.7 µmax vvm) and 11.6% (LC: 10%, GP: 15%, AF: 0,15 vvm and FR: 0.7 µmax vvm.), 
respectively, both values achieved at the two experiment with the highest values of specific growth rate 
(0.44 d-1 and 0.47 d-1, respectively). Statistical analysis showed LC was the most influential factor in the 
cell chemical composition, being significant (p<0,1) in the productivity of lipids, proteins and 
carbohydrates, with high values observed using between 5 and 10% of LC in the medium. GP did not show 
significance for any response studied, while the variables AF and FR showed significance in the 
productivity of proteins. 
 
Keywords Biomass Chlorella minutissima Landfill leachate Airlift 
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Statement of Novelty 

 

This manuscript is about the use of an airlift photobioreactor operated in semi-continuous mode for 

cultivation of microalgae Chlorella minutissima . The effects of leachate concentration, percentage of CO2 

added to the gas stream, aeration flow and feed flow on microalgae composition and biomass productivity 

were evaluated. Studies dealing with the semi-continuous cultivation of microalgae in air transport 

photobioreactors are scarce in the literature, especially considering the use of Chlorella minutissima. 

Furthermore, the influence of leachate concentration is not fully understood, with some conflicting data on 

its effect on biomass composition. Thus, our manuscript contributes to increase knowledge about 

microalgae cultivation and includes a proposal for semi-continuous mixotrophic cultivation in a high-yield 

system with advantages such as simple construction, adequate mixing conditions and efficient exposure of 

cells to light. In addition, our manuscript helps to understand the significance of each factor applied to 

cultivation by using Taguchi's method and application of analysis of variance (ANOVA). 

 

Introduction 

 

In recent years, microalgae have shown themselves to be highly promising raw materials for the production 

of various bioproducts, such as food supplements, biofuels, pigments, antioxidants, among others. 

Microalgal biomass contains various compounds such as lipids, carbohydrates, pigments, etc., which can 

be modulated by changing cultivation conditions [1,2]. 

Moreover, the search for new resources of energy capable of meeting global demand and, simultaneously, 

replacing fossil fuels, has increasing annually [3]. Actually, the urgency of combating global warming 

drives several research works around the planet in order to reduce the amount of polluting gases in the 

atmosphere, whether in the development of biofuels or in the bio-fixation of gases by plants and 

microorganisms [4,5].  

The concept of biorefinery can be effectively applied to the use of microalgal biomass in industrial 

processes due to the possibility of production of different interesting compounds or biofuels, also including 

the CO2 fixation by those microorganisms. In particular, the microalgae of the genus Chlorella can be easily 

produced on a large scale and consumed as a food supplement [6,7]. 

According to Singh, Liu, Sharma and Apandi et al. [7,8], such microorganisms are also able to grow rapidly 

in the most adverse aquatic environments, such as wastewater, contaminated water and brackish water, with 

the ability of accumulating large lipids that can be converted into biodiesel, or carbohydrates that can be 

converted into bioethanol, or even produce added value compounds such as pigments and drugs. 

The interest in use of microalgae as raw material to obtain bioproducts is also increasing due to great 

advances in bio-system engineering, although there are still important gaps, as low biomass concentration 

in the bioreactor and high costs of formulating a synthetic culture medium. Aiming to overcome those 

drawbacks, studies have been directed to evaluation of nutrients concentration, aeration flow, options of 

operation mode of production systems (e.g. continuous or discontinuous), and new alternatives of 

environmentally sustainable processes [9–14]. 
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Actually, the cultivation of microalgae is an easy process with great applicability; however, special attention 

must be given to the influence of environmental factors. Temperature, pH, lighting and availability of 

carbon source, aeration flow and feed flowrate are some of the factors that can influence the concentration 

of microalgae biomass in the process. Therefore, those factors must be carefully controlled so that the 

biomass produced has the desired quality [15–17]. 

The construction of reactors that enable the cultivation of microalgae on a large scale allowing greater 

control over operating conditions stands out as an important challenge. Indeed, the high costs of 

construction and operability of photobioreactors are limiting factors for their commercial use, by not 

presenting the conditions to support large-scale cultivation in an economically viable manner [18–20]. On 

the other hand, airlift photobioreactors have been studied considering their higher productivity in biomass 

and due to advantages as low possibility of contamination, better control of the gas-liquid mass transfer 

rate, greater penetration and exposure to light even with the increase in cell density during cultivation, high 

productivity per area and low cost of harvesting biomass [14,21–23]. 

Although microalgae have high lipid productivity, their large-scale cultivation demands a high content of 

nutrients. In this sense, different types of effluents have been tested as source of water and nutrients for the 

cultivation of microalgae, as wastewater or landfill leachate, which can reduce production costs [3,24,25]. 

The use of effluents for microalgae cultivation can also improve the energy balance and reduce 

environmental impacts associated with their disposal in bodies of water without prior treatment. With this 

principle, the use of microalgae for the treatment of effluents is a viable and low-cost alternative that can 

results in great reduction in the effluent pollutant power [26–29]. 

In present work, leachate was used as nutrient source and, thus, the evaluated cultivation option  can be an 

interesting for both: use the leachate as nutrient sources to produce valuable biomass and use of the 

microalgae as a method for the effluent treatment.  

Thus, the main objective of this work was to evaluate the production and composition of biomass in airlift 

bioreactor operated in semi-continuous mode to cultivate the microalgae Chlorella minutissima. The effects 

of leachate level, CO2 percentage added in the gaseous stream, aeration flow in the reactor, and flowrate of 

the feed stream, were evaluated in the cultivation performance. The experiments were carried out according 

to an orthogonal arrangement of Taguchi L9. Cell composition in the different studied conditions in terms 

of the contents of lipids, proteins, and carbohydrates, was evaluated. The semi-continuous mode was chosen 

due to its advantages, such as maintenance of the logarithmic phase growth, absence of shading effect 

caused by high cell density, possibility of constant replacement of fresh culture medium, providing 

increased productivity [30]. 

 

Materials and methods 

 

Microalgae specie, maintenance and inoculum preparation  

 

The microalgae Chlorella minutissima 26a was obtained from the Marine Cultures Collection of the 

Oceanographic Institute at the University of São Paulo (São Paulo, SP, Brazil), located in Cabo Frio city 

(Rio de Janeiro, Brazil). The strain was stored in a wooden incubator equipped with a photoperiod, 
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controlled by a timer. The maintenance of this cell bank was carried out by replicating the cells in 

Erlenmeyer flasks (125 mL), with 12 h (light/dark) of photoperiod and an average luminance of 4.8 klux 

(Fig. 1a). The Guillard medium f/2 [31] was used to grow the strain, with all the reagents used in the 

preparation of analytical standard grade. The sub-cultures were done every 15 days, in the proportion of 10 

mL of previous culture to 90 mL of new culture medium, and the flasks were manually shaken once a day. 

The inoculum was grown in a bubble tubular photobioreactor (2.0 L) made up of transparent polyethylene 

terephthalate (PET) (Fig. 1b), following the same proportions as the used to the growth in Erlenmeyer 

flasks.  In order to avoid contamination of the inoculum, all containers used were previously chlorinated 

and neutralized with Sodium Thiosulfate (Na₂S₂O₃) [32]. Innoculum growth was carried out in a batch 

process with aeration of 0.24 vvm, controlled by means of absorbance readings (at 680 nm) until reaching 

the value of 1.500. This value of absorbance was chosen due to the need to standardize cell concentration 

which served as a starting point for cultivation in airlift reactors.  

 

Microalgae cultivation in bioreactor 

 

Microalgae growth was carried out in a bench-top airlift photobioreactor with a working volume of 4 liters, 

continuously illuminated of with luminance of 4.8 klux, and placed in a laboratory with the room 

temperature kept at 30 °C. The photobioreactor (Fig. 1c) size was based on that used by Tagliaferro et al. 

[21]. Reactor was charged with inoculum suspension (10% v/v) and culture medium. The culture medium 

consisted of distilled water, landfill leachate (concentrations according to experimental design, as section 

2.2.2) and salt (20 g.L-1, NaCl).  The bioreactor was aerated at flowrate values according to experimental 

design. Aeration had a percentual volume of CO2 flow, also according to the experimental design. 

 

Determination of the maximum specific growth rate (µmax) 

 

At first, cultivations were carried out in a batch regime until their absorbance reached a value of 0.75 (680 

nm), so that the calculation of the maximum specific growth rate (µ max) was performed.  To determine the 

value of the maximum specific growth rate, the graph of dry biomass was plotted on a logarithmic scale as 

a function of time and the slope of the formed line was calculated at linear region. 

 

Microalgae cultivation in semi-continuous mode 

 

For semi-continuous mode cultivation, firstly the system was operated as a batch (section 2.2.1), until the 

absorbance reaches 0.75 (680 nm). Then, one third of the working volume of medium was removed from 

the reactor and fresh medium was added at a feed flowrate (FR, L/h) calculated as Equation 1, using a 

peristaltic pump. The same volume was removed from the reactor each 8 h, with continuous feeding at FR. 

Each removed volume was used as sample for analysis of biomass composition. The total time of the 

cultivation in each experimental condition was 21 days. 
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                                                          𝐹𝑅 =  𝑉/𝑡       (1) 

Where: 

V = working volume of the bioreactor (4 L). 

 t = Total time of the experiment (21 days). 

 

The influence of the following factors in the process was evaluated: landfill leachate concentration (LC) 

(5%, 10% and 15% v/v), CO2 percentage added to the air in in the aeration flow (GP) (0%, 10% and 15 % 

of the AF), and reactor aeration flow (AF) (0.15, 0.30 and 0.45 vvm). Experiments were performed 

according to a Taguchi L9 matrix. The ranges of CO2 percentage and aeration flow in the reactor were 

based on the work of Zhao et al. [25]. The software Minitab 16 (Minitab LLC, State College, Pennsylvania, 

USA) was used for statistical analysis of the results. Response variables included the productivities in 

biomass, lipids, proteins and carbohydrate.  

                                                          

Fig. 1 Stages of cultivation of the microalgae Chlorella minutissima 26a: cell bank (a), inoculum (b) and 

airlift photobioreactor (c). 

 

 

Biomass harvesting  

 

The biomass was separated from the culture medium by flocculation, using 0.15M aluminum sulfate as the 

flocculating agent [33]. After flocculation, the biomass was subjected to the vacuum filtration process with 

quantitative filter paper (15 µm), using a system equipped with Buchner Funnel and a vacuum pump (131 

- Type 2 VC, Prismatec).  After separation, the biomass was oven dried (LT1000, Terroni) at 60 ºC for 24 

hours. 

 

Analytical methods 

 

The humidity was determined by weighing the biomass before and after drying in an oven at 105 °C, 

according to the AOAC 96811 method [34].  

Total lipids (L(%)) were extracted by following the procedure proposed by Bligh and Dyer [35], adapted 

as following described. The biomass was disposed of in a 125 mL Erlenmeyer and its humidity was adjusted 

until 64%, by adding distilled water; this humidity value was considered ideal by Zorn et al. [36]. Then, the 
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Erlenmeyer was transferred to an ultrasonic bath (Sppencer, USC-800) for 15 minutes. At the end of this 

period, 9.4 ml of chloroform and 10.2 ml of methanol were added for each 1 g of biomass and the solution 

was homogenized. The system then returned to the ultrasound bath (Hielscher Ultrassound Technology, 

UP 200S) for 35 minutes. After the ultrasound process was completed, 3.4 mL of distilled water was added 

to the solution to make the system biphasic and to facilitate the removal of lipids. After standing for 12 

hours for complete phase separation, the nonpolar phase was collected in a sample glass previously dried 

and weighed. The sample glass was placed in the oven at 60ºC for 24 hours for the complete evaporation 

of the chloroform. The lipid content (L(%)) was determined according to Eq. 2 which presents the ratio 

between the Mass of lipids (Mlipid) produced and the Mass of biomass (Mbiomass) used in the analysis. 

 

L(%) = (Mlipid/Mbiomass)×100                                                            (2) 

 

Crude protein content (P(%)) was estimated according to Guimarães and Lanfer-Marquez [37], considering 

“protein content = nitrogen concentration × 5.75”, with the total nitrogen concentration measured by the 

Kjeldahl method (1980) [34].   

The carbohydrate content (C(%)) in microalgae biomass was determined following the method of  Moxley 

and Hang [38] and the DNS method [39] was employed as a standard protocol to determine the amount of 

reducing sugar.  

All analyses, referring to the composition of microalgae biomass, were performed in duplicate. 

For the determination of lipid productivity (LP), protein productivity (PP) and carbohydrate productivity 

(CP), Eq. 3 and Eq. 4 were used, respectively. 

 

Productivity (mg.L-1.d-1) = (PB×G(%))/100                          (3)  

PB (mg.L-1.d-1) = Mbiomass/(Vreactor×t(days))             (4) 

 

In which PB is the volumetric productivity in biomass, Vreactor is the reactor volume, t is the time variation   

and G was lipid, protein or carbohydrate content.  

The determination of ash content (A%) was carried out based on the adaptation of the methodology 

proposed by Van Wychen and Laurens [40], in which the calcination of the samples is used in a muffle 

furnace. The analysis started with the heating of empty porcelain crucibles and the application of a heating 

ramp from 50 ° C to 575 ° C for the total combustion of any organic compounds present in the containers. 

After reaching the maximum temperature, the crucibles remained in heating at 575ºC for 4 hours. At the 

end of heating, the crucibles were cooled to room temperature inside a vacuum desiccator, then weighed 

on an analytical balance (AUW220, Shimadzu). Then, the samples were calcined in which, in each crucible, 

approximately 0.1 grams of dry biomass were added and the whole (crucible and biomass) was weighed. 

The samples were taken to the muffle furnace and underwent the same heating process to which the empty 

crucibles were subjected. After the end of heating and, once cooled, the crucibles were weighed again and 

the difference between the mass of the post-calcination set and the mass of the empty set represents the 

amount of ash present. 

A(%) = (Mset - Memptyset/Mbiomass)×100                          (5) 
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Results and discussion 

 

Table 1 shows the values of specific growth rate (µmax), Biomass Productivity (BP), Lipid Productivity 

(LP), Proteins Productivity (PP) and Carbohydrate Productivity (CP) in each experiment performed in semi-

continuous regime. According to Table 1, the highest value of specific growth rate was reached in 

experimental condition 6, using high level of carbon dioxide flow and an intermediate percentage of landfill 

leachate, both factors that contribute to cell growth [41]. Another study that also evaluated the influence of 

carbon dioxide on the speed of microalgal growth was developed by Nair, Senthilnathan and Nagendra [42] 

in which the concentration of CO2 in the feed flow varied between 0.03 and 15%. The results obtained by 

the authors showed that the highest specific growth rate found was 0.14 d-1 for the experimental conditions 

that had CO2 percentages equal to 10% and 15%. This fact corroborates with the results presented in this 

work, since the highest calculated µmax value refers to experimental condition 6, where carbon dioxide 

concentration is 15%.  

The experimental condition 5 presented the highest productivity in biomass and the second highest 

productivity in carbohydrate. In addition, the experimental condition 2 presented the highest productivity 

in lipids and the second highest productivity in proteins.  

From Fig. 2a, when the LC factor was adjusted at level 2 (10%), GP at level 2 (10%), AF at level 1 (0.15 

vvm) and FR at level 2 (0.7µmax), the Biomass Productivity (BP) had its value maximized. In contrast, 

when the LC factor was set at level 3 (15%), the GP at level 3 (15%), AF at level 2 (0.30 vvm) and FR at 

level 3 (0.9µmax), this response variable has its value minimized. However, as shown in Table 2 (ANOVA), 

no significant effects of any of the studied factors were observed for the response biomass productivity 

(p>0.1), although the landfill leachate seems to be the most influent variable (Figure 2 and Table 2).  
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Table 1 Results of Taguchi L9 experimental design performed to evaluate the influence of the factors LC, GP, AF and FR in the response variables, obtained in the semi-

continuous regime.  

Exp. 
LC* GP* AF* FR* 

µmax** 

(d-1) 
(BP) 

(mg L-1 d-1) 

(LP) 

(mg L-1 d-1) 

(PP) 

(mg L-1 d-1) 

(CP) 

(mg L-1 d-1) 
(%) (%) vvm vvm  

1 5 (1) Null (1) 0.15 (1) 0.5 µmax (1) 0.10 77.9±12.7 5.58±5.10 47.36±46.32 3.77±0.54 

2 5 (1) 10 (2) 0.30 (2) 0.7 µmax (2) 0.13 64.5±1.4 11.2±2.45 54.55±1.41 3.88±0.11 

3 5 (1) 15 (3) 0.45 (3) 0.9 µmax (3) 0.26 74.7±31.4 4.84±0.10 55.16±23.24 2.82±1.52 

4 10 (2) Null (1) 0.30 (2) 0.9 µmax (3) 0.08 56.8±5.2 9.13±0.65 43.26±1.69 3.60±0.03 

5 10 (2) 10 (2) 0.45 (3) 0.5 µmax (1) 0.15 87.7±1.8 2.22±0.39 13.59±3.19 8.02±4.25 

6 10 (2) 15 (3) 0.15 (1) 0.7 µmax (2) 0.47 70.1±13.8 2.38±1.7 9.49±7.47 9.57±4.83 

7 15 (3) Null (1) 0.45 (3) 0.7 µmax (2) 0.44 52.0±1.5 9.07±0.15 40.67±21.25 2.54±0.29 

8 15 (3) 10 (2) 0.15 (1) 0.9 µmax (3) 0.17 60.2±9.,3 9.15±0.88 50.03±42.53 3.05±0.13 

9 15 (3) 15 (3) 0.30 (2) 0.5 µmax (1) 0.08 58.5±22.7 5.79±0.20 47.29±39.58 2.21±1.40 

where: LC = landfill leachate concentration; GP = CO2 percentage added in the gas stream, AF = aeration flow, FR = feed flowrate, µmax = growth rate, BP = Biomass 

Productivity, LP = Lipid Productivity, PP = Protein Productivity and CP = Carbohydrate Productivity. 

* Coded values of the studied variables in parenthesis; **Calculated in an initial batch operation, as section 2.2.1 
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Fig. 2 Effect graphs of the response variables: Biomass Productivity (a), Lipid Productivity (b), Proteins 

Productivity (c) and Carbohydrate Productivity (d) in semi-continuous regime. 

 
LC - landfill leachate concentration, GP - carbon dioxide percentage added in the gas stream, AF - aeration 

flow and FR - feed flowrate.  

 

Regarding to lipid productivity, when observing the effects shown in Fig. 2b, the LC adjusted at level 3 

(15%), the GP factor at level 1 (null), AF at level 2 (0.30 vvm) and FR at level 3 (0.9µmax) resulted in the 

maximum Lipid Productivity (LP). As shown in Table 2, this response variable was significantly influenced 

by the factors landfill leachate concentration (p<0.1), aeration flow (p<0.1) and feed flowrate (p<0.1).  

On average, the use of high concentration of leachate in the medium favored high lipid productivity (Figure 

2). Higher lipid contents in biomass were also observed for high leachate concentrations (experiments 4,7 

and 8, Fig. 3). The influence of the culture medium on the lipid productivity has been studied by several 

authors. In the work developed by Zhao et al. [43] the average levels of lipids were between 14.5 - 20.8%, 

using a 10% dilution of landfill leachate in the culture medium and operating a batch system. Kuo et al. 

[44] compared the lipid productivity of batch and semi-continuous cultures of the microalgae Chlorella sp 

in effluents and observed a difference of 30% between them, with higher productivity in batch mode.  

The maximum lipid content obtained in present work was 17.4% in experiment 7 (Figure 3), under the 

following conditions: (LC: 15%, GP: null, AF: 0,45 vvm and FR: 0.7 µmax vvm). In other work, Zhao et 

al. [45], cultivating Chlorella pyrenoidosa (FACHB-9), reported average levels between 14.5 - 20.8%, 

using a 10% dilution of leachate in the culture medium, which indicates that this level of concentration of 

slurry contributes to lipid production. In addition, Tighiri and Erkurt [46] found a lipid content of 13.75% 

in a mixed culture of microalgae and bacteria, in the proportion of 3:1 of microalgae inoculum, indicating 
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that the value of the lipid content obtained in this work is similar to that found in the literature. However, 

the higher lipid productivity was observed in experiment 2 (Table 1), with also high lipid content in biomass 

(Figure 3). This result can be also related to the influence of the other factors, such as aeration flow and 

feed flowrate. Indeed, lipids and proteins are capable of increasing their productivity according to the rate 

of aeration applied, as it is responsible for the agitation of the culture medium and for the diffusion of 

nutrients [47]. In the work developed by Serrano-Bermúdez et al. [48], the effect of aeration on the lipid 

productivity of Botryococcus braunii UTEX 572 was significant. When applied an aeration flow of 0.40 

vvm, the productivity of lipids reached values close to 27 mg L-1 d-1, while for an aeration flow of 1.20 

vvm, the productivity of lipids increased to about 40 mg L-1 d-1, an increase of 48% by tripling the aeration 

flow. Regarding to the feed flowrate, in the work developed by Han et al. [49], a feed of 2.2 mL min-1 was 

used in semi-continuous regime cultivation of Chlorella pyrenoidosa in Guillard and Ryther [50] medium 

in order to evaluate the productivity of lipids, with pH control in both processes. The authors also studied 

batch cultivation and observed that, in this case, the lipid productivity reached a maximum value of 82.5 

mg L-1 d-1, while in the semi-continuous regime,  the productivity of lipids reached the value maximum of 

115 mg L-1 d-1, showing an increase of 39%. Observing the effects graph shown in Fig. 2c, the LC adjusted 

at level 3 (15%), GP at level 1 (null), AF at level 2 (0.30 vvm) and FR at level 3 (0.9µmax) resulted in the 

Protein Productivity (CP) value maximized. According to Table 2, this response variable was significantly 

influenced by the factors landfill leachate concentration (p<0.1), aeration flow (p<0.1) and feed flowrate 

(p<0.1).  

Eustance et al. [51] studied the influence of aeration flow on the chemical composition of Scenedesmus 

dimorphous biomass in relation to protein and carbohydrate content. The authors observed that when no 

aeration was applied in the process, the protein and carbohydrate contents remained between 20% for 

proteins and 46% in carbohydrates. After the application of continuous aeration, these values changed to 

27% in proteins and 42% in carbohydrates, which exemplifies that the microalgae had greater selectivity 

for the production of proteins when there was an increase in the aeration flow.  

Figure 3 shows the protein content reached a minimum value of 15% and a maximum value close to 70% 

on present work. This high protein content can be observed in microalgae cells that are subjected to culture 

media under stress conditions, either due to the absence or abundance of certain nutrients [15,52]. E.g., in 

the work developed by Nordin et al. [53] the cell composition of three microalgae species (Chlorella sp, 

Scenedesmus sp and Oscillatoria sp) in a culture medium with a high concentration of nitrate (NO3
-) was 

evaluated. The minimum protein levels found were 36.34% in Chlorella sp, 40.54% in Scenedesmus sp and 

45.54% in Oscillatoria sp. The maximum protein content presented by the authors reached 61.40% in 

Oscillatoria sp, which accredits this species as a good potential for raw material for the incorporation of 

products in food industries. In the work carried out by Tagliaferro [54], under cultivation conditions similar 

to those applied in this work, the protein contents remained close to 30% and were independent of the 

landfill leachate concentration, which remained between 5% and 10% of the total volume of the reactor. 

The high protein concentration reached by microalgae in the present work can be interesting for industrial 

applications, even considering the use of leachate as substrate give restrictions to food applications. 

Actually, there are nonfood applications of proteins [55–57] and future studies could consider microalgae 

as raw material in that case.  
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Table 2 Analysis of variance (ANOVA) for biomass, lipid, protein and carbohydrate productivity obtained in the semi-continuous regime 

 

Biomass Productivity 

 

Lipid Productivity 

Factors QSF FD AQSF F P QSF FD AQSF F p 

LC 32.25936 2 16.12968 2.350568 0.150899 162.8021 2 81.40105 5.105785 0.032965 

GP 23.40507 2 11.70254 1.705403 0.235500 84.2913 2 42.14566 2.643536 0.124982 

AF 17.76795 2 8.88397 1.294656 0.320503 122.2328 2 61.11642 3.833455 0.062480 

FR 3.46693 2 1.73347 0.252617 0.782094 103.9771 2 51.98856 3.260921 0.086069 

Residual 61.75832 9 6.86204   143.4862 9 15.94291   

           

Protein Productivity Carbohydrate Productivity 

Factors QSF FD AQSF F P QSF FD AQSF F p 

LC 1337.094 2 668.5471 32.91386 0.000073 197.4569 2 98.72845 8.327678 0.008970 

GP 45.843 2 22.9216 1.12847 0.365341 23.4518 2 11.72592 0.989073 0.408988 

AF 210.091 2 105.0457 5.17160 0.031968 43.2241 2 21.61204 1.822961 0.216428 

FR 476.656 2 238.3277 11.73333 0.003109 32.1782 2 16.08909 1.357103 0.305410 

Residual 182.808 9 20.3120   106.6992 9 11.85546   

Note: LC = Landfill Leachate Concentration; GP = CO2 percentage added in the gas stream; AF = aeration flow and FR = feed flowrate; QSF = Quadratic 

Sum of Factors; FD = Degree of Freedom; AQSF = Average Quadratic Sum of Factors. 
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Observing the effects graph shown in Fig. 2d, when LC was adjusted at level 2 (10%), GP at level 2 (10% 

vvm), AF at level 1 (0.15 vvm) and the FR at level 2 (0.7µ max) the Carbohydrate Productivity (CP) had its 

value maximized. The maximum value of carbohydrates content was 11.6%, obtained in Experiment 6 

(Figure 3). Also, Table 2 shows that the Landfill leachate concentration (p<0.1) was the only factor that 

significantly affected Carbohydrate Productivity. In the work developed by Tagliaferro et al. [58] the 

highest carbohydrate content found was 15% in the experimental condition that applied a 10% dilution of 

landfill leachate, coinciding with the level of landfill leachate concentration indicated by the effects graph 

in the present work. In addition, the authors noted that, for lower landfill leachate concentrations, the 

maximum carbohydrate content was 9%.  

As can be seen in Table 2, the percentage of CO2 was not shown to be a significant factor in the studied 

range for any analyzed productivity. This fact may be related to the diffusion of carbon dioxide in the 

culture medium. When cultivating microalgae in large quantities, the diffusion of CO2 from the atmosphere 

or even from other sources becomes a limiting factor for microalgal growth [59] Actually, the diffusion of 

CO2 in the microalgal culture medium is aided by the formation of bubbles; however, according to Doucha 

et al. [60] approximately 50% to 90% of the carbon dioxide injected in the process returns to the 

environment. Such waste of CO2 causes a reduction in biomass productivity and an increase in cultivation 

costs, since about 50% of the cost of the raw material used in the process is represented by the addition of 

carbon dioxide [61]. 
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Fig. 3 Graphs of cellular chemical composition of biomasses produced in the semi-continuous regime. 

Experiments conditions according to Table 1. 

 

As also shown in Figure 3, ash content varied in a wide range, from 8.4% to 70%, with maximum value 

observed by using LC: 10%, GP: 15%, AF: 0,15 vvm and FR: 0.7µmax. It is known that the ash content 

refers directly to mineral salts and other components whose boiling temperature is very high, as is the case 

of metals [62–65], and the values in biomass can vary with species of microalgae, culture conditions, high 

metallic load present in the leachate [66]. In the work developed by Xu et al. [67], the ash content of the 

microalgae Chlorella sp was reported as 16.06% after analysis by four hours of heating at 550 ° C. That 

value was close to those found in experiments 2 and 7 of Figure 3. Ash content variation in literature can 

also be attributed to different analysis methods. E.g., in the research performed by Cervantes-Urieta et al. 

[68], the cellular composition of the microalgae Eupyxidicula turris, Trieres mobiliensis and Biddulphia 

alternans was analyzed and the ash content values found were 50%, 63% and 70%, respectively. For ash 

content analyses, the biomass of the three species of microalgae were subjected to heating in at 600 ° C for 

two hours and, according to the authors, the low heating time influenced the high ash content. 
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Conclusions 

 

Landfill leachate concentration and aeration flow were crucial factors for all the responses variable analyzed 

in the present study. The landfill leachate concentration was the factor that most influenced the Biomass 

Productivity, with higher values at the intermediate level, and also was the only significant factor in Lipid, 

Proteins and Carbohydrate Productivities. The concentration of carbon dioxide is not a significant factor in 

the Protein Productivity, as well as it was not significant in any other response variable, with higher values 

at the intermediate level of aeration flow and high level of landfill leachate concentration and feed flowrate. 

The applied culture methodology, as well as the culture medium used and the factors studied made it 

possible to observe that the microalgae cell had greater selectivity for the production of proteins, obtaining 

a minimum content of 15% and a maximum content close to 70%.  
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