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Abstract: Microalgae have the potential to grow in nutrient-rich environments and have the ability to
accumulate nutrients from wastewater. The nutrients in malting wastewater are ideal for microalgae
cultivation. However, there is limited published work on the growth characteristics of freshwater
microalgae grown in malting effluent. This study examined the potential of diluted malting effluent
for the growth of freshwater green algae Chlorella sp. and Chlamydomonas sp. isolated from northern
Ontario and subsequent biomass and lipid production. Under the 18:6 h light/dark cultivation
cycle, the highest cell number counted (540 × 104 cell·mL−1 on day 20) and total chlorophyll
content were found in 50% diluted malting effluents for Chlorella sp., whereas the 70% dilution
concentration was the most productive for Chlamydomonas (386 × 104 cell·mL−1 on day 16). The total
lipid content was higher in the 50% dilution concentration of malting effluent in both Chlorella sp.
(maximum 20.5%–minimum 11.5% of dry weight) and Chlamydomonas sp. (max 39.3%–min 25.9% of
dry weight). These results emphasize the suitability of using unsterile diluted malting effluent for
microalgae cultivation.

Keywords: microalgae; non-sterile malting effluent; chlorophyll content; lipid accumulation

1. Introduction

Renewable and sustainable fuels have garnered a lot of attention as a result of the
scarcity of conventional fossil fuels and environmental concerns [1]. The development of
new biofuel production methods is projected to reduce the reliance on conventional fossil
fuels. Developing renewable and environmentally friendly alternative energy sources is
becoming a major concern for environmentalists. Conversion of plant biomass for energy
production could be the cheapest and most promising alternative [2]. Currently, third-
generation biofuel production from microalgae has drawn the attention of many researchers
because microalgae have a higher growth rate, shorter harvesting period, and significantly
higher average photosynthetic efficiency than other plants [3,4]. Microalgae perform
around 10–50 times higher carbon dioxide fixation through photosynthesis than terrestrial
plants [5,6] and can be effectively grown in a nutrient-rich environment to accumulate
nutrients from the wastewater, making it a promising candidate in bioremediation [7].
Subsequently, wastewater can be used for algal biomass and biofuel production. Even
though biofuel production from microalgae has been extensively explored in recent decades,
it has yet to be commercialized due to its relatively high production costs [8].

Large-scale cultivation is required before extracting lipid from algae, however enor-
mous volumes of water and nutrients are required for commercial-scale cultivation [9].
Different strategies, such as including plant growth regulators [10], pretreatment with
low-dose cold atmospheric pressure plasma (CAPP) [11], optimization of aeration [12],
lipid-free biomass, and waste glycerol [13], have been employed to enhance the economic
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feasibility in microalgae-based lipid production. To enhance the process feasibility, various
wastewaters, such as municipal wastewater [14], paper industry wastewater [15], livestock
wastewater [16], etc., have been successfully used for algal growth and lipid production.
Although most of these wastewaters contain sufficient nutrients for algal growth, their
nutrients are imbalanced (i.e., extremely high/low nitrogen and phosphorus concentra-
tions), which likely restricts the growth of algae [17,18]. In addition, the cultivation of
microalgae using wastewater in the industry is still fairly limited since these wastewaters
typically require preliminary removal of the impurities, toxicants, and microorganisms be-
fore being used for algal growth, which might raise the production cost [18,19]. It has been
reported that malting effluents were a better nutrient source for algal growth, but the initial
concentration of total carbohydrates of the malting effluent must be adjusted to 2–4 g/L
to maintain a stable equilibrium between microalgal growth [20]. Campaña et al. [20]
evaluated the fertilizing potential and capability of malting effluents for improving the
soil as a way to reuse or recycle this material and found that sludge from malting effluent
treatment plants has a lower concentration of toxic metals than sewage sludge and could
thereby be applied as soil amendments in moderate to high doses. Malting effluents are
nontoxic and also contain abundant organic nutrients, such as nitrogen, organic carbon,
and various essential metals, which were the most promising options to be used as a
nutrient source for microalgal cultivation [21]. Canada Malting is the largest malt company
in Canada, producing approximately 450,000 metric tons of malt per year using barley
(Hordeum vulgare L.). The process of malting barley requires immersing the barley into
water and subsequently hydrolyzing the starch of barley into maltose, which produces a
large amount of malting effluent [22]. There are some potential adverse impacts of malting
effluent, such as surface and groundwater pollution and occupational health and safety
issues. Untreated malting effluent can add more nutrients to the surface water, leading
to eutrophication and dissolved oxygen depletion [23]. Consequently, the government of
Canada formulated a Wastewater Systems Effluent Regulations act to reduce the adverse
environmental impact [24].

The objectives of this study were: (i) to isolate the suitable microalgal candidate for
biomass and lipid accumulation, (ii) to investigate the effectiveness of malting effluent for
algal growth, and (iii) to identify the best dilution concentration of malting effluent for
microalgae growth and lipid productivity.

2. Materials and Methods
2.1. Sample Collection and Microalgae Isolation

Water samples were collected from Lake Superior and Lake Tamblyn—Lakehead
University, Thunder Bay, ON, Canada. Filamentous plants and other coarse materials were
removed by filtration using a mesh net. Water samples were spread on the BG-11 [25] agar
plate with the help of sterile disposable spreaders and incubated at room temperature at
20 ± 2 ◦C in continuous illumination for two to three weeks. Different algal colonies from
plates were selected and sub-cultured on the BG-11 agar plate by the streak plate technique
until a pure isolated colony was obtained. Purely isolated microalgae from the solid culture
medium were inoculated in a 1 L glass flask with 800 mL of working volume containing
BG-11 medium.

2.2. Microalgae Strain and Cultivation Conditions

Two microalgae strains were isolated and morphologically identified as Chlorella
sp. (isolated from Lake Tamblyn—Lakehead University, Thunder Bay, ON, Canada) and
Chlamydomonas sp. (isolated from Lake Superior, Thunder Bay, ON, Canada) using the
guidebook by Bellinger and Sigee [26] (Figure 1). The inoculum was prepared using a
BG-11 medium at the initial pH of 7.1 [25]. Exponential phase of the algal culture was
used as inoculants (1 mL of inoculants with optical density (OD) of 1.351 at 680 nm) for
experimental trials. All laboratory-scale cultivations were carried out in a 1 L glass flask
(Erlenmeyer), with a working volume of 800 mL. The solutions were placed in a constant
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orbital shaking (125 rpm). The entire experiment was conducted in an environmentally
controlled growth room with a constant temperature of 25 ◦C (±2 ◦C) and a photoperiod of
a 16:8 h light/dark cycle. Light intensity was provided by four cool fluorescence tube-bulbs
on the top of the reactors (10 cm distance).
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Figure 1. Microalgae strains (a) Chlorella sp. and (b) Chlamydomonas sp.

2.3. Characteristics of Malting Effluents

The malting effluent was obtained from Canada Malting (Thunder Bay, ON, Canada).
Solid particles from malting effluents were removed by sedimentation and filtration with
a clean cheesecloth. The visible solid particles settled down at the bottom and only the
supernatant was used for subsequent microalgae growth experiments, stored at 4 ◦C
until use in experiments. The growth characteristics of microalgae were tested in four
dilution conditions: 10% malting effluent (10 ME: 10 volumes of effluent were mixed
with 90 volumes of distilled water), 30% malting effluent (30 ME: 30 volumes of effluent
were mixed with 70 volumes of distilled water), 50% malting effluent (50 ME: 50 volumes
of effluent were mixed with 50 volumes of distilled water), and 70% dilution (70 ME:
70 volumes of effluent were mixed with 30 volumes of distilled water), and a control
condition (BG-11 medium). The elements and compounds of malting effluents are shown
in Table 1.

2.4. Measurement of Microalgae Growth Characteristics

Microalgae growth was monitored by determining the cell count every two days. Total
algal cell counts were measured using a microscopic cell count method (0.1 mm Tiefe deep
Neubauer Improved Hemocytometer, Hamburg, Germany), with the help of a compound
microscope (Olympus, Tokyo, Japan) [27]. The specific growth rate (SGR) refers to the
increment cell density per unit area per unit of time during the log phase. The specific
growth rate was calculated using the following formula [28]:

SGR
(

mg·L−1·day−1
)
=

(N2 − N2)

(T2 − T1)

where N2 and N1 are the cell density (107 cell·mL−1) at time T2 (at any day) and T1 (at the
beginning), respectively.
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Table 1. Comparison of elements and compounds between undiluted malting effluents and standard
mineral media (BG-11) for growth of algae.

Elements and Compounds

Concentrations in
Undiluted

Malting Effluent
(mg·L−1)

Concentrations in
BG-11 Medium

(mg·L−1)

Elements
and Com-
pounds

Concentration
in Undiluted

Malting Effluent
(mg·L−1)

Concentrations in
BG-11 Medium

(mg·L−1)

Macro Elements Trace Elements

Na 310.2 410.3 Fe 7.300 0.688
K 1010 13.7 Zn 1.259 0.051
Ca 43.8 9.8 Mn 0.603 0.503
Mg 31.5 7.4 Mo 0.012 0.1546

Nitrate (as N) 820 247.1 Cu 0.080 0.020
Ammonia nitrogen

(as N) 22.3 0.6 B 0.187 0.150

Orthophosphate-Dissolved
(as P) 60.5 NA Co 0.005 0.01

Phosphorus (P)- Total 65.7 5.4 V <0.01 NA
Sulfate (SO4

2−) 179 29.2 W <0.1 NA

Heavy metals Ti <0.02 NA

Cr <0.002 NA Ba 0.107 NA
Ni 0.041 NA Se 0.115 NA
Pb 0.01 NA Si 12.7 NA

As <0.002 NA Final pH 4.62 7.5

Ag 0.001 NA
Cd <0.002 NA
Hg <0.002 NA

Other elements

Na2EDTA NA 1
Citric acid

Amino acids
NA

0.210
10.7
NA

Total Organic Carbon (TOC) 1870 NA
Biochemical Oxygen

Demand (BOD) 3220 NA

2.5. Estimation of Total Chlorophyll Content

The total chlorophyll content was measured using methanol as a solvent [28]. Two
mL of microalga culture was centrifuged at 10,000 rpm for 10 min. Then, the supernatant
was discarded, and the algal pellet was resuspended with 2 mL of methanol and briefly
sonicated for algal cell wall breakdown. Then, the mixture was incubated at 60 ◦C for
5 min and centrifuged again for 10 min at 10,000 rpm. The absorbance of the supernatant
was analyzed by reading at 665 and 652 nm with a visible spectrophotometer, and the
concentrations of chlorophyll α and chlorophyll β were calculated by using the following
formulae [29]:

Chlorophyll α
(

mg·L−1
)
= 16.82 × A665 − 9.28 × A652

Chlorophyll β
(

mg·L−1
)
= 39.92 × A652 − 16.54 × A665

Total chlorophyll
(

mg·L−1
)
= Chlorophyll α+ Chlorophyll β

2.6. Lipid Extraction

The total lipids from the wet algal biomass were extracted by chloroform:methanol (1:1,
v/v) using the method of Bligh and Dyer [30] and Guo et al. [31], with some modifications.
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Two mL of the wet algal biomass was collected by centrifuging at 8000× g for 10 min. The
cell pellet was first extracted with a mixture of chloroform, methanol, and distilled water
(1:2:0.8, v/v/v). The mixture was agitated by vortexing for 5 min and centrifuged at 8000× g
for 10 min. The supernatant was transferred to a pre-weighted Eppendorf tube (W1 g), and
the cell pellet was re-extracted with the mixture of chloroform and methanol (1:2, v/v). The
mixture was centrifuged again, and the supernatant was collected in the same pre-weighed
Eppendorf tube. Chloroform and water were then added to the supernatant to form a ratio
of 1:1:0.9 (chloroform:methanol:distilled water, v/v/v). The mixture was thoroughly mixed
and centrifuged at 8000× g for 5 min. The top layer was then removed, and the bottom
layer was evaporated and dried at 80 ◦C until reaching a constant weight (W2 g). The total
lipid content was calculated by subtracting W1 from W2 and was presented as a percentage
of the dry weight. The lipid productivity was calculated as described by Cobes et al. [32]:

Percentage of total lipid content (% dry weight) (LT) =
WL

WA
× 100

Lipid productivity
(
Lp

)(
mg·L−1

)
= WA (g)× LT

V (L)
× T(d)

where WL (g) is the weight of the total lipids extracted, WA (g) is the weight of the dry
microalgae biomass, LT is the percentage of total lipid content of the dry weight, V is the
working volume, and T is the cultivation time.

2.7. Statistical Analysis

All the numerical variables were checked for normality before conducting the para-
metric tests. Polynomial regression analysis was carried out to explore the relationship
between algal cell density and number of cultivation days. One-way ANOVA was used to
test for differences in the algal dry biomass and lipid contents among the different treat-
ments, followed by Tukey’s HSD post hoc test for pairwise differences. Student’s t-test was
carried out to test the mean difference of dry weight, chlorophyll content, and lipid content
between the two algal species. All the experiments were performed in triplicates, and the
results are shown as mean ± SD (standard deviation). Differences between treatments
were evaluated at p < 0.05. All statistical analyses were carried out in R, v. 3.6.1 [33].

3. Results and Discussion
3.1. Effects of Malting Effluent on Algal Growth and Chlorophyll Content

The undiluted malting effluent contained abundant organic matter, such as total or-
ganic carbon (1870 mg·L−1), nitrogen (NO3-N was 820 mg·L−1 and NH3-N was 22.3 mg·L−1),
phosphorus (PO4-P was 60.5 mg·L−1 and TP was 65.7 mg·L−1), and amino acids (0.210 mg·L−1)
(Table 1), which were beneficial to algal growth. The contents of some metal elements,
such as potassium (K), iron (Fe), and zinc (Zn), were markedly higher in malting efflu-
ent than that in standard BG-11 medium, even though the malting effluent was diluted
10 times. In addition, malting effluent also consisted of some heavy metals and various
trance elements, which were not included in the standard medium (Table 1). However,
the non-sterile malting effluent may have been contaminated by bacteria, and thus algae
cannot grow properly without dilutions. Thus, 10%, 30%, 50%, and 70% diluted malting
effluents were used for further experiments. In this study, non-sterile malting effluent
was used as a growth medium of two different freshwater microalgae and identified the
optimal concentration for microalgal biomass and lipid production. The cell density of
both Chlorella sp. and Chlamydomonas sp. was significantly increased when the number
of cultivation days increased in experimental groups (different concentrations of malting
effluent) and the control group (BG-11) (Figures 2 and 3). In Chlorella sp., algal cell density
showed an increasing trend as the number of cultivation days increased for 10 ME medium
(R2 = 0.862, p < 0.001), 30 ME (R2 = 0.871, p < 0.001), 50 ME (R2 = 0.963, p < 0.001), and 70
ME (R2 = 0.733, p < 0.001), as well as BG-11 (R2 = 0.687, p < 0.001), respectively (Figure 2).
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The cell density gradually declined after 14 days of cultivation. The nutrient availability, for
example, nitrate, phosphate, and other micronutrients, slowly decreased as cultivation days
increased in the culture medium, and these nutrients play a significant role in microalgae
growth [34].
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Figure 2. Variation of cell density of Chlorella sp. in (a) 10 ME, (b) 30 ME, (c) 50 ME, and (d) 70 ME
of malting effluent and (e) BG-11 standard mineral media during 22 days of cultivation time. The
regression lines are derived from polynomial third-order regression.

A similar trend was found in Chlamydomonas sp., where cell density significantly
increased when the number of cultivation days increased for 10 ME medium (R2 = 0.748,
p < 0.001), 30 ME (R2 = 0.825, p < 0.001), 50 ME (R2 = 0.786, p < 0.001), and 70 ME (R2 = 0.772,
p < 0.001), as well as BG-11 (R2 = 0.876, p < 0.001), respectively (Figure 3). This study
revealed that untreated malting effluent supports microalgae growth without the addi-
tion of any extra nutrient supplements. This study aligned with the pervious study by
Marchão et al. [35], who reported the maximum growth of Scenedesmus obliquus in diluted
brewery wastewater.
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In addition, the specific growth rates of Chlorella sp. growing in the 10 ME, 30 ME,
50 ME, 70 ME, and BG-11 were 10.25, 20.3, 25.42, 7.25, and 95.17 (104 cell·mL−1), while corre-
spondingly in Chlamydomonas sp. they were 6.81, 15.6, 20.28, 15.52, and 26.29 (104 cell·mL−1),
respectively (Table 2). Likewise, the specific growth rates of both species were higher in
BG-11 medium compared to species cultivated in malting effluent (Table 2). Similar growth
rates were reported for several other freshwater microalgae species [32,36]. Previous studies
have indicated that several factors affect cell density and growth rate in microalgae, for
example, nitrogen deficiency, light condition, and CO2 availability [32,37,38]. In this study,
the experimental setup was adequate for microalgae growth.

The dry weight of Chlamydomonas sp. (mean 0.74 g/L ± SD 0.29) was significantly
higher in the standard BG-11 medium (T = 2.86, df = 2, p = 0.05) compared to Chlorella
sp. (mean 0.24 g/L ± SD 0.07) on day 22, respectively (Figure 4). A similar dry weight of
both species was noticed when they were grown in the different diluted malting effluents
(Figure 4). Within Chlorella sp., the highest biomass was observed in 70 ME, followed
by 30 ME and 50 ME, and the lowest biomass accumulation was observed in 10 ME
after 21 days of growing (Figure 5a). For Chlamydomonas sp., the biomass accumulation
was higher in standard BG-11 medium (Figure 5b). This result indicated the nutrients’
differences between culture mediums. In malting effluent, nutrients are largely imbalanced
compared to standard BG-11 medium, which leads to lower biomass accumulation. In
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addition, dark color and turbidity in the malting effluent may impede light penetration,
resulting in lower microalgae growth [39]. O’Rourke et al. [40] reported that cultivating
Parachlorella kessleri in a 50% concentration of brewery wastewater increased the biomass
yield 2-fold (12.3 g·L−1), compared to a 10% brewery wastewater concentration after
14 days of growth.

Table 2. Algae specific growth rate, maximum lipid productivity, and percentage of lipid productivity
rate under different concentrations of malting effluent and a control medium (BG-11). Values are
represented in mean ± SD. The statistics were derived from a one-way ANOVA with post hoc Tukey
test. Different letters (a, b, c, ab or bc) in subscript indicate the significant differences (p < 0.05) among
different treatments.

Species Cultivation
Medium

Specific Growth
Rate

(104 Cell·mL−1)

Maximum Lipid
Productivity

(mg·L−1·day−1)

Percentage of Lipid
Productivity

(mg·L−1·day−1)

Chlorella sp.

10 ME 10.25 ± 12.69 b 7.33 ± 2.54 b 6.27 ± 1.13 ab
30 ME 20.3 ± 25.93 b 35.2 ± 23.28 ab 6.11 ± 3.63 ab
50 ME 25.42 ± 26.91 b 99.73 ± 54.31 a 15.05 ± 4.76 a
70 ME 7.25 ± 8.31 b 32.27 ± 13.44 ab 4.01 ± 2.92 b
BG-11 95.17 ± 167.52 a 55.73 ± 11.07 ab 11.38 ± 4.57 ab

Chlamydomonas
sp.

10 ME 6.81 ± 7.5 b 45.47 ± 29.3 c 16.29 ± 2.59 b
30 ME 15.6 ± 18.8 ab 49.87 ± 29.3 bc 11.75 ± 3.08 b
50 ME 20.28 ± 27.16 ab 114.4 ± 15.24 ab 31.99 ± 6.76 a
70 ME 15.52 ± 27.12 ab 52.8 ± 15.86 bc 11.79 ± 2.46 b
BG-11 26.29 ± 29.99 a 161.33 ± 29.95 a 10.56 ± 2.86 b
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addition, dark color and turbidity in the malting effluent may impede light penetration,
resulting in lower microalgae growth [39]. O’Rourke et al. [40] reported that cultivating
Parachlorella kessleri in a 50% concentration of brewery wastewater increased the biomass
yield 2-fold (12.3 g·L−1), compared to a 10% brewery wastewater concentration after
14 days of growth.

Table 2. Algae specific growth rate, maximum lipid productivity, and percentage of lipid productivity
rate under different concentrations of malting effluent and a control medium (BG-11). Values are
represented in mean ± SD. The statistics were derived from a one-way ANOVA with post hoc Tukey
test. Different letters (a, b, c, ab or bc) in subscript indicate the significant differences (p < 0.05) among
different treatments.

Species Cultivation
Medium

Specific Growth
Rate

(104 Cell·mL−1)

Maximum Lipid
Productivity

(mg·L−1·day−1)

Percentage of Lipid
Productivity

(mg·L−1·day−1)

Chlorella sp.

10 ME 10.25 ± 12.69 b 7.33 ± 2.54 b 6.27 ± 1.13 ab
30 ME 20.3 ± 25.93 b 35.2 ± 23.28 ab 6.11 ± 3.63 ab
50 ME 25.42 ± 26.91 b 99.73 ± 54.31 a 15.05 ± 4.76 a
70 ME 7.25 ± 8.31 b 32.27 ± 13.44 ab 4.01 ± 2.92 b
BG-11 95.17 ± 167.52 a 55.73 ± 11.07 ab 11.38 ± 4.57 ab

Chlamydomonas
sp.

10 ME 6.81 ± 7.5 b 45.47 ± 29.3 c 16.29 ± 2.59 b
30 ME 15.6 ± 18.8 ab 49.87 ± 29.3 bc 11.75 ± 3.08 b
50 ME 20.28 ± 27.16 ab 114.4 ± 15.24 ab 31.99 ± 6.76 a
70 ME 15.52 ± 27.12 ab 52.8 ± 15.86 bc 11.79 ± 2.46 b
BG-11 26.29 ± 29.99 a 161.33 ± 29.95 a 10.56 ± 2.86 b
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Figure 4. Dry biomass of microalgae species grown in different dilution concentrations of malting
effluent. The bars (black bars: Chlorella sp. and grey bars: Chlamydomonas sp.) represent mean
biomass, and errors refer to standard deviation. The level of significance is from two-sample t-test
statistics (* p < 0.05).
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a one-way ANOVA with post hoc Tukey test. The different letters above the bar signify the significant
difference at p < 0.05.

Our results revealed that the diluted, non-sterile malting effluent could be a nutrient
medium for large-scale algal growth. Although limited studies are available on the growth
pattern of freshwater microalgae in malting effluent, available studies revealed that malting
effluent is an excellent source of nitrogen and other nutrients and stimulates higher algal
biomass production [21,40]. Wastewater contains abundant organic matter and amino
acids and promotes the algal growth [41]. Furthermore, wastewater also contains some
metal elements useful for the algal growth [42] accumulation of microalgae. Some of the
elements, for example, potassium, iron, and zinc ions, promote the growth of algae and
lipid accumulation through increasing the specific growth rates and provoking the uptake
of ammonium in microalgae [41,43–45]. Therefore, the diluted malting effluents can supply
adequate nutrition for algal growth.

3.2. Chlorophyll Content Variation

In order to explore the effect of malting effluent on microalgae growth, chlorophyll
contents of microalgae were determined at various concentrations. Figures 6 and 7 demon-
strate that different concentrations of malting effluent had significant effects on the total
chlorophyll content. For Chlorella sp., there was a significant increase of chlorophyll content
only in 30 ME and 50 ME treatments and the BG-11 medium (Figure 6). Within Chlamy-
domonas sp., the chlorophyll accumulation was found to be increased in 10 ME, 30 ME, and
50 ME concentrations of ME and the BG-11 medium, along with the increase in the number
of cultivation days (Figure 7).

The chlorophyll concentrations were significantly higher in Chlamydomonas sp. com-
pared to Chlorella sp. in all treatments (Figure 8). In our study, the amount of chlorophyll
content varied between different concentrations of malting culture medium and species.
Chlamydomonas sp. have the potential to survive in higher nutrient conditions and pro-
mote growth in malting effluent compared to Chlorella sp. There was a significant positive
correlation between the chlorophyll content and algal cell density in BG-11 medium for
both Chlorella sp. (r = 0.551, p = 0.05) and Chlamydomonas sp. (r = 0.727, p = 0.001). This
further signifies that the increasing chlorophyll content in the culture medium indicates the
microalgal growth.
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Figure 8. Variation of chlorophyll content between Chlorella sp. and Chlamydomonas sp. cultivated in
different dilution concentrations of malting effluent and standard mineral media (BG-11). The bars
(black bars: Chlorella sp. and grey bars: Chlamydomonas sp.) represent mean lipid content and errors
refer to standard deviation. The level of significance is from two-sample t-test statistics (* p < 0.05,
** p < 0.01, *** p < 0.001).

3.3. Effects of Malting Effluent on Lipid Accumulation

To evaluate the effects of the malting effluent on lipid accumulation of microalgae,
percentages of total lipid accumulation were determined on day 22. Chlamydomonas sp.
had potential for higher lipid production than Chlorella sp. (Figure 9). Similarly, the one-
way ANOVA revealed that the highest lipid content was observed in both microalgae
species’ ME (Figure 10). The final lipid productivity of Chlorella sp. in 50% of ME ranged
from 39 mg·L−1 (min) to 145 mg·L−1 (max) and 96 mg·L−1 (min) to 123 mg·L−1 (max)
for Chlamydomonas sp., respectively, on day 22. In the 50% concentration of malting ef-
fluent, the maximum lipid productivities of Chlorella sp. and Chlamydomonas sp. largely
corresponded with higher cell density. The reason for a variation in lipid production
between the diluted concentrations of malting effluent was mainly due to the availability
of organic carbon, nutrients, and the turbidity of the malting effluent. The amount of
organic carbon increased with the higher concentration of malting. Still, at the same time,
turbidity also increased, which impeded the light availability and reduced the growth and
subsequent lipid production. The increment of total lipids in diluted malting effluents
could be partially due to the low concentration of nitrogen. During the nitrogen-sufficient
condition, the photosynthetic carbon fixation was higher than nitrogen assimilation. As a
result, cells produced nitrogen-containing components such as proteins, nucleotides, and
pigments. During nitrogen-deficient conditions, carbon demand increased, and excess
carbon was stored in the form of lipids and carbohydrates [46,47]. Studies demonstrated
that the nitrogen depletion markedly stimulated the lipid production in many microalgae
species: Chlorella vulgaris [48], Desmodesmus sp. [49], Acutodesmus dimorphus [46], Neochloris
oleoabundans [50], and Nannochloropsis gaditana [51]. This study is greatly supported by
Li et al.’s work [50], which found that nitrogen starvation accelerates the lipid accumulation
in microalgae species. It has been well-reported that nitrogen starvation markedly induced
the accumulation of triacylglycerol in the green algae by increasing carbon flux towards
glycerol-3-phosphate and acyl-CoA for fatty acid synthesis [52].
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Figure 10. Variation of total lipid (a) Chlorella sp. and (b) Chlamydomonas sp. cultivated using the
diluted malting effluent and standard mineral media (BG-11) during 22 days of cultivation time. The
bars represent mean lipid content and errors refer to standard deviation. The statistics were derived
from a one-way ANOVA with post hoc Tukey test. The different letters above the bar signify the
significant difference at p < 0.05.

4. Conclusions

This study isolated the native freshwater microalgae and integrated them for malting
wastewater treatment and subsequent biomass and lipid production. Microalgae grown in
the diluted malting effluent achieved the highest cell number at 50 ME for Chlorella sp. and
70 ME for Chlamydomonas sp. In addition, the diluted malting effluent markedly stimulated
lipid accumulation up to 145 mg·L−1 in Chlorella sp. and 123 mg·L−1 in Chlamydomonas sp.
The current study results revealed that the diluted malting effluent could be a promising
alternative as a nutrient medium for large-scale algal cultivation and simultaneous biofuel
production and bioremediation.
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