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Abstract

Bioethanol production from algal biomass is a promising alternative for sustainable biofuel production. Algae possess a high
photosynthetic capacity and an adaptive ability to thrive under harsh environmental conditions. The potential properties of
Scenedesmus acuminatus CCALA 436 were assessed in this research for its bioethanol efficiency, and the effects of growing
the algae in wastewater and at different concentrations of mepiquat chloride were studied. Also, pre-treatment efficiencies of
different concentrations of calcium oxide were carried out on microalgae biomass. Superoxide dismutase, catalase activity,
glutathione, and malondialdehyde contents of microalgae were examined, and the changes in chlorophyll, photoprotective
carotenoid contents, and protein concentrations were determined. The results revealed that the maximum sugar and ethanol
contents of Scenedesmus acuminatus CCALA 436 were 44.7 + 1.5% and 20.32 g/L, respectively, for 50% wastewater and
mepiquat chloride (2.5 mg/L) after pre-treatment with calcium oxide (0.08%). Additionally, the levels of oxidative enzymes
varied depending on the wastewater concentrations. These findings indicate Scenedesmus acuminatus CCALA 436 grown
in wastewater and mepiquat chloride can be used for the treatment of wastewater and the production of ethanol and high-
value products such as carotenoid.
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Introduction

Biofuels are renewable energy sources and contribute to the
minimization of greenhouse gas emissions, environmental
protection, and the agricultural economy. They exist in liquid
and gaseous forms, and notable examples include biogas
(biomethane and biohydrogen), biodiesel, biobutanol, and
bioethanol. The chemical formula for ethanol is CH;CH,OH
showing that it has hydrocarbon potential with higher octane
rating compared to gasoline. Thus, they can be used as a
blend in gasoline production to achieve a higher-octane rat-
ing (Staniszewski et al. 2007). Unlike fossil-fuel products,
ethanol is less toxic and can easily decompose. In addition,
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ethanol releases a few toxic gases when they undergo com-
bustion. Bioethanol has been used for many years. The first
bioethanol was produced using sugar cane and sugar beet,
and it is still produced in many countries such as America
and Brazil. Later, some starch sources (rice and barley) were
used for bioethanol production. First generation biofuels are
produced from using food resources, and this consequently
leads to their competition with food production. Therefore,
the use of non-food resources was explored to generate
second-generation biofuels (Maity and Mallick 2022). The
second-generation bioethanol contains lignocellulosic plant
sources such as woody plants. In this bioethanol produc-
tion, the fermentation process can occur in a variety of ways.
One of them is lignocellulosic yeast fermentation. It can be
used for bioethanol production via pervaporation (Dadi et al.
2018). However, expensive equipment and a large amount of
labor are required, which increase the capital costs (Maity
and Mallick 2022).

Next, third-generation bioethanol production appeared,
and the sources are microalgae. Compared with the first-
and second-generation biofuel production, microalgae have
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higher growth rates and biomass productivities with large
amounts of lipids and polysaccharides for biofuel production
(Daroch et al. 2013). Importantly, microalgae require macro
and micronutrients in order to biosynthesize carbohydrates.

The potential sugar content can be enhanced by the
experimental manipulation of environmental factors (Onay
2020b). Major components in the medium can be adjusted
to obtain higher carbohydrate productivity, and the obtained
carbohydrate can be used for bioethanol production. The
artificial culture medium containing C, H, O, P, S, and N is
expensive, thus reducing the economic viability of biofuel
production from algae. Moreover, the growth of microal-
gae requires more water in large-scale biofuel processes.
Industrially, algae can be cultivated in various wastewaters,
utilizing the nutrients in the wastewater for the biosynthe-
sis of essential organelles for growth, which consequently
leads to wastewater bioremediation (RoyChowdhury et al.
2019). Under stress conditions, microalgae are exposed to
free radicals and oxidation reactions. When stress increases,
the antioxidant enzyme and molecule concentrations reach
higher levels to protect microalgae cells (Onay 2020b). The
nutritional composition of wastewater is highly dependent
on the source of the water. Thus, the lipid and carbohydrate
contents of microalgae also vary with the nutrient content of
the wastewater, for example, dairy, municipal, and industrial
wastewater (Kumar et al. 2019).

In addition, microalgae have some metabolic properties,
including stress effects. The effects of stress can sometimes
be positive for the metabolism of microalgae. Stress-medi-
ated molecules and extreme conditions can increase lipid,
sugar, and protein concentrations (Onay 2020a). This situ-
ation likely depends on the nature of microalgae and their
ability to adapt to harsh conditions. Microalgae typically
reduce molecule toxicity by increasing antioxidant mole-
cule concentrations. Antioxidant and toxic molecules can
be measured by various systems, which can be enzymatic
or non-enzymatic. For example, enzymatic systems include
superoxide dismutase (SOD) and catalase (CAT). On the
other hand, non-enzymatic systems involve molecules such
as glutathione (GSH) and malondialdehyde (MDA) (Hamed
et al. 2017). Growth regulators in these systems can be
important for microalgae cultivation. For example, mepi-
quat chloride (MC) is a growth factor that mainly provides
growth balance, used to control vegetative growth and yield
of cotton crops. MC blocks gibberellic acid biosynthesis,
which leads to the formation of short-statured plants, and
stops cell elongation. Furthermore, MC decreases the photo-
synthesis rate in crops, probably because of stress formation
(Tung et al. 2018a). Although MC accelerates ripening in
plants, it has also been observed to reduce the yield of many
plants (Yuan et al. 2021). Therefore, MC may cause a change
in the metabolic contents of microalgae by creating stress
that will slow down the growth.

Hydrolysis must be performed to extract the carbohy-
drates from microalgae. The hydrolysis process can be con-
ducted using acid, base, or enzymes (Fetyan et al. 2022).
However, using them directly in high concentrations can dis-
rupt the carbohydrate structure. Before hydrolysis, pre-treat-
ment methods can be used to enhance the effects (Nowicka
et al. 2020; Onay 2022). The aim is to open the cell mem-
branes of the microalgae, allowing more acid or base to enter
the algae cells, thereby increasing the metabolic content.
Calcium oxide (CaO) is an alkaline compound, which is
relatively inexpensive. CaO has not been extensively used
in the pre-treatment of microalgae, but it has been used for
the pre-treatment of waste sludge (Xin et al. 2021). Since
calcium peroxide is used in pre-treatment processes, CaO
may be used in a more effective extraction of the metabolic
contents of microalgae (Hung et al. 2022). For instance,
CaO allows the use of lower acid or base concentrations in
hydrolysis.

Carotenoids are commonly found in microalgae, and their
amounts increase under stress conditions. Specifically, carot-
enoids are found in chloroplasts of microalgae which can
be used as industrial colorants and additives to animal feed
(Hadizadeh and Mehrgan 2020). Furthermore, carotenoids
can be produced together with bioethanol during the biore-
finery process (Ansari et al. 2021).

Briefly, the processes of bioethanol production consist
of pre-treatment, saccharification, fermentation, and puri-
fication. Zymomonas and Saccharomyces are yeast species
that affect bioethanol production in the fermentation pro-
cess. Saccharomyces spp. uses cellulases and hemicellu-
lases to enhance bioethanol production. On the other hand,
Z. mobilis can produce higher amounts of ethanol in a wider
pH range (3.5-7.5). Out of this range, Z. mobilis generally
produces less biomass than Saccharomyces (Onay 2019).
Also, Z. mobilis cannot metabolize sugars with 5C, and it
has a lower tolerance to inhibitors or pollutants. In contrast,
Saccharomyces has a higher tolerance and can metabolize
sugars in the presence of oxygen. Saccharomyces has been
certificated by GRAS and the FDA, conforming that it is safe
for the use of human and animal feed, and it can be modified
genetically. In conclusion, both can be used for industrial
bioethanol production (Phwan et al. 2018). We used S. cer-
evisiae in the current study because this yeast has been used
in our laboratory for many years.

In this study, Scenedesmus acuminatus was chosen
because these microalgae can be found in wastewater and
grow rapidly when cultured (Devi et al. 2022). We inves-
tigated the effects of various concentrations of municipal
wastewater on biomass, sugar, ethanol, and pigment yields
from Scenedesmus acuminatus cultivated in a photobioreac-
tor (PBR). The effects of MC and CaO on the carbohydrate
contents of the microalgae were studied, and the enzymes
affecting microalgal antioxidant systems were examined
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under stress conditions. Their concentrations were meas-
ured, and their relationships were determined.

The goal of this study is to investigate the possibility of
cultivating Scenedesmus acuminatus in wastewater with
different concentrations of MC and convert the microalgae
to bioethanol and pigments via fermentation of CaO-pre-
treated algae.

Materials and methods
Algal strain

Scenedesmus acuminatus CCALA 436 was obtained from
CCALA in Czechia, and the municipal wastewater was pre-
pared synthetically according to Zouboulis et al. (2017).
Then, it was filtered and sterilized before the experiments.
Each experiment was started with the same amount of waste-
water content at the same time.

Setup of photobioreactor (PBR)

The flat photobioreactor (FPBR) used in this study has a vol-
ume of 1 L and an airflow rate of 0.6 L/min. Light intensity,
temperature, and pH of the media were 130 pmol/m?s', 24
°C, and 7.4, respectively. These procedures were described
in our previous study (Onay 2018).

In this study, different ratios of municipal wastewater
were used to cultivate Scenedesmus acuminatus CCALA
436 (0, 25, 50, 75, and 100%). Specifically, 100% of waste-
water includes meat extract (100), MgSO,7H,0 (3), NaCl
(8), K,HPO, (30), CaCl,2H,O0 (5), and peptone (150) mg/L.
Then, it was autoclaved and mixed with ASM-1 medium
before use. The ASM-1 medium was adjusted as the con-
trol (0% WW) and prepared according to Gorham et al.
(1964). NaNO; (2000), K,HPO, (100), Na,HPO, (100),
MgCl, (200), MgSO, (200), CaCl, (200), FeCl; (4), H;BO;
(40), MnCl, (7), ZnCl, (3.2), Na,EDTA (20), CoSO, (0.08),
CuCl, (0.0008) pmol/L are present in ASM-1 medium.

Also, 1, 2.5, 5, and 10 mg/L of MC were used for this
study, and it was added to 50% wastewater. Microalgae were
checked under a microscope for contamination. Cells were
counted, and different cells were determined under a micro-
scope using the Thoma chamber. In this study, the contami-
nation was less than 2% per day. When living contaminants
like bacteria and fungi were found, the medium had to be
remade.

Monitoring of microalgae and the formation
of dried biomass

In this study, the growth of Scenedesmus acuminatus
CCALA 436 was monitored at 530, 600, 680, and 750 nm
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spectrophometrically. The 7> value closest to 1 was found
at 680 nm; therefore, we used this wavelength (data not
shown). The dried biomass samples were gravimetrically
weighed after being centrifuged at 3200g for 8 min at 4 °C
(Onay 2020b). The following equations (Eqgs. 1 and 2) were
used to calculate the specific growth rates (¢) and doubling
time (7;) (Onay et al. 2014).

(W) In(X; = X,)/(, - 1) (D

T,=0.693/n )

X, is the final biomass concentration, X, is the first bio-
mass concentration, #, is the final time, and ¢, is the start
time.

Hydrolysis and fermentation procedures

Various concentrations (0.02-0.1%) of calcium oxide (CaO)
were added to algal biomass for the investigation of the pre-
treatment effect. For this, the algae samples including CaO
were incubated at 60 °C for 6 h with shaking (100 rpm). For
hydrolysis, Miranda et al. (2012) used different hydrolysis
methods for bioethanol production, and H,SO, hydrolysis
was used for hydrolysis. After incubation, algae samples
were subjected to H,SO, (Miranda et al. 2012). In our paper,
S. cerevisiae, known as baker’s yeast, was used for fermenta-
tion as reported by Onay (2019).

Analytical methods

Pigment concentrations were measured using a spectro-
scopic method (Onay 2020b). In this method, algae samples
were incubated with absolute methanol in the dark at 45 °C.
Then, they were centrifuged at 13,000 rpm for 5 min. The
supernatant pigment contents were measured at 480, 652,
665, and 750 nm. The results were given as an average of
three measurements. The pigment contents were calculated
using Eqgs. (3), (4), and (5) below.

Chl — a(ug/ml) = —8.0962 X Agsy + 16.5169 X Ages  (3)
Chl — b(ug/ml) = 27.4405 X Ags, — 12.1688 X Ages  (4)

Carotenoid(ug/ml) = 4 X Ay (5)

The total protein was extracted, and the protein concen-
trations were measured according to Onay (2020b). The total
carbohydrate contents were calculated using the Anthrone
method (Zhao et al. 2013). The total organic carbon (TOC)
content of municipal wastewater was determined using the
Albrektien method (Taylor et al. 2012). The total nitrogen
(TN) and total phosphorus (TP) contents were determined by
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spectrophotometry, performed according to Koistinen et al.
(1980). The ethanol content in the microalgal slurry was
determined according to Rizza et al. (2017).

Determination of antioxidant enzyme activities

The activities of CAT and SOD were measured using the
nitroblue tetrazolium (NBT) method. The MDA content was
measured using the thiobarbituric acid (TBA) method at 535
nm (Heath and Packer 1968; Onay 2020b). Also, the GSH
content was determined using Anderson’s formula (Ander-
son 1985).

Data analysis

The experimental groups utilized three parallel samples. All
statistical analyses were performed with one-way analysis of
variance (ANOVA) and Tukey’s test, conducted using the
MATLAB software package (MATLAB and SIMULINK,
R2015a). The confidence level was higher than 95%. In this
report, the results are expressed as mean + standard error
(SE).

Results and discussion
Effects of wastewater and mepiquat chloride

The growth rates of Scenedesmus acuminatus CCALA 436
can change under some environmental conditions such as
light, pH, salt, nutrient limitation, and depletion. In our
previous studies, Scenedesmus sp MEO2 was cultivated in
various media such as BG-11, D medium, and Tris-Acetate-
Phosphate (TAP) (Onay 2014). However, sufficient micro-
algal growth could not be achieved. Then, Scenedesmus
acuminatus CCALA 436 was grown in municipal waste-
water (100, 75, 50, 25, and 0%) and ASM-1 medium. The
culture medium with 100% wastewater consisted completely
of municipal wastewater, and the control group only had
ASM-1 medium. Firstly, the contents of TOC, TN, and TP
were calculated. The TOC, TN, and TP contents in 100%
wastewater were 81.2, 12.5, and 5.2 mg/L, respectively. This
result shows that Scenedesmus acuminatus CCALA 436 can
be grown in wastewater. In the literature, there are few stud-
ies related to municipal wastewater and Scenedesmus acumi-
natus. One report focused on Synechocystis sp, which was
grown in municipal wastewater at an open raceway pond on
a large scale (Ashokkumar et al. 2019). In their study, TOC
(113), TN (21.5), and TP (5.5) mg/L values were enough for
microalgae cultivation.

The growth curves of microalgae are given in Fig. 1.
All microalgae were grown until their stationary phases.
The culture containing 50% wastewater showed the fastest

growth (1.90 + 0.001) at 9 days. Like in the culture with
50% wastewater, after 9 days, the optical densities of the
wastewater samples in the control, 25%, 75%, and 100%
groups had all reached a stationary phase (1.44 + 0.001,
1.61 +£0.001, 1.28 + 0.001, and 1.10 + 0.003, respectively).
The biomass concentrations (BCs) of the samples confirmed
the absorbance results, and the maximum BC was found in
the culture containing 50% wastewater (1711 + 22 mg/L).
In addition, the numbers of microalgae cells exhibited linear
relationships with their BCs. The number of cells for the
50% wastewater culture was nearly 3.3 x 10° cells/mL at 9
days. Control, 25%, 75%, and 100% wastewater cultures had
cell numbers of 2.6, 3, 2, and 1.9 x 10° cells/mL, respec-
tively. According to the TOC (81.2), TN (12.5), and TP (5.2)
mg/L analysis of wastewater, the cultures containing 75%
and 100% wastewater contents in the culture medium include
relatively low chemical contents compared to the ASM-1
medium content, and these conditions can limit microalgal
biomass productivity (BP) (Wang et al. 2010). The cultures
containing 25% and 50% wastewater had similar results.
Scenedesmus acuminatus CCALA 436 grown in wastewa-
ter with fewer nutrients can integrate into culture conditions
when enough organic compounds are available in the media
(Brennan and Owende 2010).

Then, the effects of MC on the growth curves of microal-
gae were studied. The growth curves of microalgae including
MC are given in Fig. 2. MC concentrations of 1, 2.5, 5, and
10 mg/L were used, and they were added to the cultures con-
taining 50% wastewater since they produced the highest BC.
According to our results, the control group (50% wastewater
only) showed the highest growth curve values. Among MC
concentrations, samples with 1 mg/L had the highest optical
density (1.58), BC (1422 + 11 mg/L), and cell number (2.8
x 10° cells/mL), and we did not see a drastic decrease in the
growth curves of microalgae. These results were promising
for high carbohydrate concentration expectations. However,
as the concentration of MC increased, the growth curves of
microalgae decreased. The BCs of samples with 2.5, 5, and
10 mg/L of MC were 1189 + 11, 822 + 11, and 689 + 22
mg/L, respectively.

Kinetic parameters and determination
of chlorophyll and carotenoid contents

Many stress factors, such as light, pH, temperature, and reg-
ulatory agents, can change the biochemical and physiologic
properties of microalgae. To investigate the effects of stress
factors, a FPBR was designed, and various concentrations
of MC were added to the photobioreactor. After 9 days of
cultivation, spectroscopic measurements were taken during
the stationary growth phase, and the kinetic parameters of
wastewater and MC are given in Table 1.
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Fig. 1 Absorbance values (A), dry weight (mg/L) (B), and cell number (10%mL) (C) of Scenedesmus acuminatus CCALA 436 in wastewater

Among the wastewater samples, the culture containing
50% wastewater reached stationary phase with the maxi-
mum BP (0.190 + 0.002 g/L/day) and SGR (5.39 + 0.02
day™"). The BP (0.162 + 0.001 g/L/day) and SGR (5.27
+ 0.02 day™') in 25% wastewater were similar to those in
50% wastewater. The BP (0.109 + 0.001 g/L/day) and SGR
(4.85 + 0.01 day_l) were lower in the culture with 75%
wastewater. Among the five groups, the medium containing
100% wastewater had the minimum BP (0.078 + 0.002 g/L/
day) and SGR (4.48 + 0.07 day™!). Inversely proportional
to SGR, 50% wastewater samples showed the lowest T, of
0.129 day. The T s in 25%, 75%, and 100% wastewater were
0.132, 0.143, and 0.155 day, respectively. Samples with 1
mg/L of MC had the highest BP (0.158 + 0.001 g/L/day)
and SGR (5.29 + 0.02 day™"). These results are slightly
lower compared to those of the culture with 50% wastewa-
ter, which was an expected result. MC acted like a stress
factor and slightly decreased the BP and SGR (Tung et al.
2018b). The main stress effects appeared in samples with
2.5, 5, and 10 mg/L of MC. The BP and SGR decreased
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while the amount of MC increased. Samples with 10 mg/L
of MC had the most dramatic decline for the SGR (4.60 +
0.06 day~") and BP (0.077 + 0.002 g/L/day).

Previous studies have reported various kinetic param-
eters as functions of the stress conditions for microalgae in
wastewater. The cultures with wastewater generally include
microalgae and bacteria, which are called mixed systems. In
a mixed system, microalgae and bacteria exhibit symbiosis.
They maintain nutrients such as oxygen, carbon dioxide,
and nitrogen for each other (Onay 2019; Driver et al. 2015).
Moreover, some environmental factors affect photosynthetic
synthetases. These enzyme systems cannot fully function,
and microalgal growth decreases because of reactive oxygen
species and free radicals that are produced. Their cell func-
tions are impaired as the cells are exposed to stress (Ding
et al. 2017; Wang et al. 2019). Furthermore, changes in
antioxidant enzyme systems may also cause changes in the
metabolic contents, such as carbohydrates, of microalgae.

According to the statistical analysis of SGR, the F value
of the model was 76.63, which showed that the model was
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Fig.2 Absorbance values (A), dry weight (mg/L) (B), and cell numbers (10%mL) (C) of Scenedesmus acuminatus CCALA 436 in MC.

Table 1 Biomass concentrations (BC), biomass productivities (BP),
specific growth rates (SGR), and doubling time (7)) of microalgae in
wastewater with MC. Different letters indicate a significant difference
in the values of Prob > [#| less than 0.05

Contents  BC (g/L) BP (g/L/d) SGR (p) (™Y Td (d)
Control 1.22 +0.01* 0.136 + 0.001* 5.10+0.01* 0.136
25% WW 146 +0.01® 0.162 +0.001°® 527 +0.02° 0.132
50% WW  1.71 £ 0.02®  0.190 + 0.002° 539 +0.02°  0.129
75% WW 098 +£0.01° 0.109 +0.001° 4.85+0.01° 0.143
100%WW 0.70 + 0.02¢  0.078 +0.002¢ 448 +0.07¢  0.155
MCl1 142 +0.01° 0.158 £0.001® 5.29 +0.02° 0.131
MC2.5 1.19 +£0.01* 0.132+0.001* 5.02+0.01* 0.138
MC5 0.82 +0.01° 0.091 +£0.001° 4.69 +0.03° 0.148
MC10 0.69 + 0.02% 0.077 + 0.002% 4.60 + 0.06% 0.151

significant. p values less than 0.05 indicated that the model
terms were significant, while values greater than 0.10 indi-
cated that the model terms are not significant. The predicted
R? of 0.9358 was in reasonable agreement with the adjusted

R? of 0.9588. Moreover, values of Prob > I#l less than 0.05
confirmed the difference between the two treatments. Com-
pared with the control groups, all the MC concentrations we
used can significantly affect BCs of the microalgae. The BP,
SGR, and T, were also affected because they are dependent
on BC (p < 0.05). In addition, the wastewater concentrations
affected the BC concentrations (p < 0.05).

Also, we studied the pigment concentrations of microal-
gae. Chlorophyll and carotenoid pigments play crucial roles
as growth indicators in photosynthesis (Takyar et al. 2019).
This phenomenon can indicate the impact of environmental
stress on algae. In this study, we measured the chlorophyll-
a (Chl-a) and chlorophyll-b (Chl-b) content of microalgae
grown at various concentrations of municipal wastewater
and MC, and the results are given in Fig. 3.

The culture in 50% wastewater had the highest Chl-a con-
tent (59.9 + 3.5 mg/L). The results in 25% wastewater (53.2
+ 0.5 mg/L) were close to those in 50% wastewater. The
culture with 100% wastewater had the lowest Chl-a content
(33.9 + 0.6 mg/L). Samples with MC content of 1 mg/L
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Fig.3 Scenedesmus acumina-
tus CCALA 436 chlorophyll a
(Chl-a) levels in wastewater (A) c
and MC (B). Different letters
indicate a significant difference
in the values of Prob > I7l less
than 0.05

Chl a content (ug/mL) b
& = @
S 3 S
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Wastewater concentration (%)
B50%

& Control 25%

had notably higher Chl-a content (54.1 + 1.4 mg/L). Then,
microalgae cells showed dose effects across MC concentra-
tions, and Chl-a content decreased fast while the concentra-
tion of MC (2.5, 5, and 10 mg/L) increased. Also, the Chl-b,
PPC, SI, Chl-(a+b), and Chl-(a/b) contents of microalgae
were calculated, and the results are given in Table 2.

The cultures in 75% and 100% wastewater had the high-
est carotenoid content, with 20.1 + 0.4 mg/L and 19.8 +
0.1 mg/L, respectively. The control group showed the low-
est carotenoid content. This result was logical because the
control group included enough nutrients for the growth of
microalgae, and this situation did not have stress condi-
tions. The stress index indirectly measures the carotenoid
to Chl-a ratio and is negatively correlated with the carbon/
nitrogen ratio of the cells (Heath and Packer 1968). The
stress indexes of the cultures with 25% wastewater (0.94
+ 0.01), 50% wastewater (0.97 + 0.01), and MC of 1 mg/L
(1.09 + 0.01) were very close to one another. Many studies
have shown that environmental factors, such as temperature,
CO, concentration, and pollutants, can change the pigment
content by inhibiting the growth of microalgae and reducing
the activity of photosynthetic pigment synthetases (Mohan
et al. 2015; Mishra et al. 2008; Figueroa and Korbee 2005).
This led to the enhancement of reactive oxygen species and
cell stress. While microalgal cells were grown and doubled,
chlorophyll content in the cells increased, and the carotenoid
content and stress index decreased (Ding et al. 2017; Wang
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et al. 2019). When we evaluated Chl-a content in municipal
wastewater by statistical analysis, the F value of the model
was 64.82, indicating that the model was significant. The
predicted R? of 0.8734 was reasonably consistent with the
adjusted R? of 0.8980. For MC, the F value of the model
was 179.10. Compared with control groups, MC can sig-
nificantly inhibit Chl-a concentrations (p < 0.05). Moreover,
the wastewater concentrations affected Chl-a concentrations
(» <0.05).

The carbohydrate and protein contents
of Scenedesmus acuminatus CCALA 436

Enhancement of the sugar content by applying stress factors
may be a logical option for bioethanol production (Cheng
et al. 2017). We needed high BP to make this option viable.
In this study, we tried to get high BP and sugar content via
environmental stress conditions using various concentrations
of wastewater and MC. After 9 days, the maximum sugar
and protein contents were obtained during the late logarith-
mic phase. The results are shown in Fig. 4. According to
this, the carbohydrate and protein contents increased propor-
tionally over time. The carbohydrate contents changed with
the concentrations of wastewater and MC. The cultures in
50, 75, and 100% wastewater had the highest sugar content,
approximately 29%. The control group showed the lowest
carbohydrate content, 21.7%. The carbohydrate content of

Table 2 Chl-a, Chl-b,

. Contents Chl-a (mg/L) Chl-b (mg/L) PPC (mg/L) Stress index Chl (a+b) Chl (a/b)
carotenoid (PPC) contents, and

stress index of Scenedesmus Control 467+ 14 134 +0.5 14.8 + 0.1 094+002 60.1+17 35+0.1

acuminatus CCALA 436 2B5%WW 532405 14.1% 1.1 166+02  094+001 673+13 38+03

50% WW  59.9 +3.5 184 +3.6 19.5+0.5 097+001 783+6.0 35+05

75% WW  44.1 +0.2 150+ 0.7 20.1 £ 0.4 134+003 59.0+05 3.0+02

100%WW  33.9+0.6 142+19 19.8 + 0.1 1.68£0.01 481+14 25+03

MCl 54.1+ 1.4 181+ 1.4 20.0 £ 0.1 1.09+001 722+03 3.0+0.

MC2.5 46.8 +0.1 18.0 + 0.1 21.4+0.1 133+£001 649+0.1 26+0.

MC5 30.6 +0.2 169 + 0.4 21.8+0.1 198+001 474+03 1.8+0.1

MCI10 25.7+0.1 149 + 0.1 21.8+0.1 2344001 406+01 17+0.1
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Fig.4 Carbohydrate and protein contents of microalgae in (A) 25, (B) 50, (C) 75, and (D) 100% wastewater. The triangle represents carbohy-

drate concentration, while the square symbolizes protein concentration

the culture in 25% wastewater was 24.3%. Moreover, the
protein content was nearly 39% in all wastewater concen-
trations. Therefore, the wastewater concentrations affected
carbohydrate contents, but protein contents did not change.

MC had a positive effect on the carbohydrate content in
microalgae. The carbohydrate content of 1 mgL~! MC sam-
ples (32.1 + 1.2%) was 10% higher than that of the control
(21.7 + 1.0%). When the amount of MC increased, the car-
bohydrate amount did not increase further and was nearly
stable. Carbohydrate contents in samples with 2.5, 5, and
10 mg/L of MC were 39.2 + 1.7, 32.4 + 1.2, and 32.0 +
1.3%, respectively. The protein contents in various concen-
trations of wastewater were similar. MC of 1 mg/L resulted
in a lower protein concentration (36.8 + 1.2%) compared to
the control group (38.9 + 1.6%). The carbohydrate and pro-
tein contents for the different MC concentrations are given
in Fig. 5.

The carbohydrate contents increased up to 29.2 and
32.1% for 75 and 100% wastewater, respectively, from 21.7%
at 50% wastewater and 1 mg/L MC. High levels of waste-
water reduced photosynthetic capacity due to nutrient dep-
rivation and increased the carbohydrate concentration (Onay
2019). Likewise, MC of 1 mg/L led to stress and affected

carbohydrate metabolism positively by approximately 3%.
The effects of CaO were also studied to obtain a higher
carbohydrate content. Various concentrations (0.02-0.1%)
of CaO were added to algal biomass to investigate the pre-
treatment effect. The results are shown in Fig. 6.

The CaO content of 0.08% exhibited the greatest concen-
tration of carbohydrates, 0.64 + 0.01 g/L. The control group
(0% CaO) had the lowest amount of carbohydrates (0.46 +
0.01 g/L). Compared with the control group, carbohydrate
concentrations were notably promoted by the addition of
CaO (p < 0.05). It is likely that CaO harshly disrupted algal
cells and facilitated carbohydrate hydrolysis and saccharifi-
cation (Khan et al. 2017).

Stress effects of wastewater and mepiquat chloride
on Scenedesmus acuminatus CCALA 436

Microalgae produce a high amount of reactive oxygen spe-
cies (ROS) under stress, like extreme environmental condi-
tions. On the other hand, the metabolic systems of micro-
algae resist these ROS activities and form defense systems
using antioxidant enzymes (Tripathi et al. 2006). One of
them, SOD, catalyzes the conversion of the superoxide anion
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Fig.6 Carbohydrate concen-
trations (g/L) of Scenedesmus
acuminatus CCALA 436 pre-
treated with various concentra-
tions of calcium oxide (CaO).
Different letters indicate signifi-
cant differences in the values of
Prob > I#l less than 0.05

Carbohydrate (g/L)
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(O,7) to H,0, and oxygen. Hydrogen peroxide is metabo-
lized to oxygen and water by CAT to prevent its damaging
effects. Like CAT, MDA is the result of membrane lipid per-
oxidation, and the MDA level is a crucial indicator of ROS
activity (Cheng et al. 2018; Wan et al. 2014). GSH is another
antioxidant molecule and is converted into GSSG to alleviate
free radical damage. This is important to counteract ROS
activity (Hong et al. 2008). High amounts of ROS induce
damage to the membranes of microalgae and diminish their
growth. In this study, we examined antioxidant enzymes
and molecules in the cultures with wastewater and MC. The
results are shown in Fig. 7.

The SOD activity increased initially and reached a peak
of 45.33 + 2.03 U/mL in the culture with 50% wastewa-
ter and then decreased in the cultures with 75% wastewater
(26.0 =+ 1.1.15 U/mL) and 100% wastewater (22.67 + 1.20
U/mL). Similarly, when the wastewater concentration was
increased to 50%, CAT activity reached its maximum (0.71
+ 0.03 U/mL). The culture in 100% wastewater showed the
lowest CAT activity with 0.25 + 0.02 U/mL. When Scened-
esmus acuminatus CCALA 436 was subjected to waste-
water with a 50% concentration, it accelerated antioxidant
enzyme activities to discard ROS and decrease oxidative
damage. Thus, the SOD and CAT activities increased. When

the wastewater concentration is more than 50%, the anti-
oxidant enzyme system is disrupted and leads to oxidative
damage. Therefore, SOD and CAT activities were reduced
due to the loss of defense mechanisms. Unlike SOD and
CAT, MDA content initially decreased to 1.83 = 0.19 nmol/
mL in 50% of the wastewater and then increased to 2.30 +
0.12 nmol/mL in the culture with 100% wastewater. This
situation probably occurred from the enhancement of SOD
and CAT activities in the culture with 50% wastewater. This
phenomenon reduced ROS activity and diminished MDA
content. Conversely, GSH content first increased to 2.73
+ 0.09 nmol/mL in the culture with 50% wastewater, then
diminished to 2.33+ 0.09 nmol/mL in 100% wastewater. The
results showed that the formation of GSH was not intensely
affected by various concentrations of wastewater. Next, we
determined the effects of MC on antioxidant enzymes.
Tung et al. (2018a) studied MC for leaf photosynthesis
and carbohydrate metabolism in cotton, and they showed
that MC did not affect leaf photosynthesis and carbohydrate
metabolism enzymes. In our study, the SOD activity had
the highest value with 66.67 + 2.60 U/mL for MC of 2.5
mg/L in the culture with 50% wastewater. The lowest SOD
activity was 35.00 + 2.31 U/mL for 10 mg/L MC. The CAT
activity initially increased to 1.62 + 0.13 U/mL for 1 mg/L
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Fig. 7 Antioxidant activities of Scenedesmus acuminatus CCALA 436 in wastewater (A, B) and MC (C, D)
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Table 3 Metabolic compositions of Scenedesmus —acuminatus
CCALA 436. Different letters indicate significant differences in the
values of Prob > I#l less than 0.05

Contents Carbohydrate  Protein Lipid BC (g/L)
(dwt %) (dwt %) (dwt %)

Control 21.7 + 1.0* 389+ 1.6° N.A. 1.22 +0.01*
25% WW 243 +0.6* 38.1+ 1.8 NA. 1.46 +0.01°
50% WW 292 4+ 1.4° 395+ 04> NA. 1.71 £ 0.02°
75% WW 287 +1.5° 374+ 1.0° NA. 0.98 +0.01°
100%WW  29.0+0.5*  389+1.6° NA. 0.70 + 0.02¢
MC1 321 12" 368+12¢ NA 1.42 +0.01°
MC2.5 392+ 1.7° 350+ 1.00 NA. 1.19 + 0.01*
MC5 32.4+ 1.2% 320+ 1.7° NA. 0.82 +0.01°
MC10 32.0+ 1.3% 325+1.3° NA. 0.69 + 0.02%

MC. Next, it decreased to 0.27 + 0.03 U/mL for 10 mg/L
MC. The MDA content had a minimum value of 1.57 +
0.09 nmol/mL for 2.5 mg/L MC in the culture with 50%
wastewater. Later, MDA content increased to 1.67+ 0.09
nmol/mL for 10 mg/L. MC. The GSH content varied slightly
with MC content, ranging from 2.70 to 3.63 nmol/mL. These
results showed that the cultures in 50% wastewater and MC
generated stress factors for microalgal cells and changed the
concentration of antioxidant enzymes. Also, they affected
carbohydrate metabolism by increasing its content.

Bioethanol production

According to Table 3, Scenedesmus acuminatus CCALA
436 grown in culture with 50% wastewater and 2.5 mg/L
MC had the maximum carbohydrate content (39.2 + 1.7%)
and SGR (5.02 + 0.01 day™!).

In addition, the sugar content was 44.7 + 1.5% with the
concentration of 50% wastewater, 2.5 mg/L. MC, and 0.08%
CaO. Therefore, this composition was chosen for bioetha-
nol production, and the results are given in Table 4. For
hydrolysis, we used H,SO, (0.5 M), and its percent yield was
nearly 86%. When Scenedesmus acuminatus CCALA 436
grown in the optimal wastewater composition was compared
with the control, it had a higher bioethanol content (20.32
g/L and 0.20 g/g of biomass). Carbohydrate concentrations
were noticeably promoted by increased MC concentrations

compared with the control groups (p < 0.05), while the car-
bohydrate concentrations were slightly affected by wastewa-
ter concentrations.

Bioethanol values of the control group were 9.20 g/L. and
0.09 g/g of biomass. In comparison to the control group, the
amount of bioethanol produced by Scenedesmus acumina-
tus CCALA 436 was roughly 50% higher (20.32 g/L and
0.20 g/g of biomass). Based on the findings of the cur-
rent research, it is possible to conclude that Scenedesmus
acuminatus CCALA 436 cultivated in the culture in 50%
wastewater with 2.5 mg/L MC and 0.08% CaO can gen-
erate significant quantities of bioethanol. Also, according
to our results, while antioxidant enzyme activities change
with stress factors, the carotenoid and carbohydrate amounts
increase. These results show that carotenoid can be produced
in addition to bioethanol, which can be integrated into the
biorefinery process. Overall, biofuel production using waste-
water and microalgae can be an attractive because it has a
high safety factor, and algae is not needed as a food source
or otherwise seen as a high-value product.

Conclusion

Zero waste is currently one of the most popular topics. Our
research revealed that Scenedesmus acuminatus CCALA
436 grown using the culture with 50% wastewater, 2.5
mg/L MC, and 0.08% CaO produced significantly more
ethanol than the control organisms that were grown in a
PBR. The maximum amount of ethanol produced was 0.20
g per gram of microalgal biomass. In addition, compared
to the control group, we were able to achieve a higher bio-
mass concentration (1.71 0.02 g/L) as well as a higher car-
bohydrate content (44.7 + 1.5%). Also, the concentrations
of superoxide dismutase, catalase activity, glutathione,
and malondialdehyde changed with the various concentra-
tions of mepiquat chloride (MC) and wastewater. In con-
clusion, the use of 50% wastewater in bioethanol produc-
tion reduces operating costs such as water and cultivation
costs. Scenedesmus acuminatus CCALA 436 can be used
for ethanol and carotenoid production and the treatment of
wastewater with improvement via MC and CaO.

Table 4 Sugar and ethanol

- Samples Biomass Sugar content Ethanol content  Ethanol content
contents in the contr.ol loaded (e/L) (¢/L) (¢/¢ biomass)
group and culture with 50% (¢/L)
wastewater and 2.5 mg/L MC

Control 100 21.7 9.20 0.09
MC2.5 and 50% WW 100 39.2 17.91 0.18
MC2.5, 50%WW, and 100 44.7 20.32 0.20

0.08% CaO
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