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Abstract
In order to improve the economic feasibility and environmental sustainability of microalgal bioethanol production, a nontoxic,
copious agricultural waste, sugarcane bagasse aqueous extract (SBAE) was used for cultivating Nannochloropsis oculata
microalga (NNO-1 UTEX Culture LB 2164) as potential sources of substitutes for traditional nutrition to reduce the costs in
cultivation through acid digestion and enzymatic treatment before being fermented by Saccharomyces cerevisiae (NRRLY-
2034). The primary target of this research was to find out the ethanol from hydrolysate of the defatted biomass of N. oculata
grown mixotrophically on SBAE and CO2 as carbon sources. For acid hydrolysis (AH), the highest carbohydrate yield 252.84
mg/g DW has been obtained with 5.0% (v/v) H2SO4 at 121 °C for 15 min for defatted biomass cultivated mixotrophically on
sugarcane bagasse aqueous extract (SBAE) regarding 207.41 mg/g DW for defatted biomass cultivated autotrophically (control
treatment). Whereas, the highest levels of reducing sugars has been obtained with 4.0% (v/v) H2SO4 157.47±1.60 mg/g DW for
defatted biomass cultivated mixotrophically compared with 135.30mg/gDW for the defatted control treatment. The combination
of acid hydrolysis 2.0% (v/v) H2SO4 followed by enzymatic treatment (AEH) increased the carbohydrate yields to 268.53 mg/g
DW for defatted biomass cultivated mixotrophically on SBAE regarding 177.73 mg/g DW for the defatted control treatment.
However, the highest levels of reducing sugars have been obtained with 3.0% (v/v) H2SO4 followed by enzyme treatment that
gave 232.39±1.77 for defatted biomass cultivated mixotrophically on SBAE and 150.75 mg/g DW for the defatted control
treatment. The sugar composition of the polysaccharides showed that glucose was the principal polysaccharide sugar (60.7–
62.49%) of N. oculata defatted biomass. Fermentation of the hydrolysates by Saccharomyces cerevisiae for the acid pretreated
defatted biomass samples gave ethanol yield of 0.86 g/L (0.062 g/g sugar consumed) for control and 1.17 g/L (0.069 g/g sugar
consumed) for SBAE mixotrophic. Whereas, the maximum ethanol yield of 6.17±0.47 g/L (0.26±0.11 g/g sugar consumed) has
been obtained with samples from defatted biomass grown mixotrophically (SBAE mixotrophic) pretreated with acid coupled
enzyme hydrolysis.
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Introduction

Bioenergy has gained more attention in recent decades be-
cause of the depletion of fossil fuel forms and increasing re-
quirements for eco-friendly energy to alleviate global
warming (Koyande et al. 2019). Sustainable processing of
biomass to produce biofuels, biochemicals, and bioenergy is
referred to as bio-refining (Taylor et al. 2011; Knoshaug et al.
2018; Osman et al. 2020; Demiray et al. 2019; El-Sheekh et al.
2019; Aristizábal-Marulanda et al. 2021; Dong et al. 2016;
Yao et al. 2020; Malhotra and Suman 2021; Rodríguez-
Valderrama et al. 2020; Attia et al. 2021; Abdelsalam et al.
2019; Hijazi et al. 2020a, b). We can consider bio-refineries as
environment-friendly analogous to oil refineries. Biofuels
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have the advantage of being renewable and emitting less en-
vironmental contaminants, resulting in a reduction of global
warming. Because of its high oxygen content, ethanol is an
excellent example of a biofuel that could be combined with
gasoline to increase octane number, preventing cylinder
knocking in engines and lowering greenhouse gas emissions
(Wyman 1996; Sanchez and Cardona 2008; Walker 2011;
Swana et al. 2011). In the perspective of bio-refining, biomass
is a generic term for all organic materials which can be con-
verted to fuels and chemicals. Biomass is a natural or anthro-
pogenic organic, renewable and not fossil, composite biogenic
material. It is obtained through the conversion of solar energy
into lipids and carbohydrates in plants, algae, and certain bac-
teria. It is essential to categorize the variety of biomass sources
in order to better understand the produced biofuels. The first-
generation biomass comprises edible plant material and plants
such as maize, wheat, sugarcane, and food grain, which, be-
cause of the disputes between food and fuel, appears unrea-
sonable to commercial use. The second-generation biomass
includes nonedible plant residues such as straw, wood, and
sugarcane bagasse (SBA) that are rich in cellulose, which
can be hydrolyzed into glucose. However, lignin and hemicel-
lulose, materials which limit its conversion, are associated
with this polysaccharide (Siqueira et al. 2013); therefore, the
delignification process must be carried out before hydrolysis.
During the delignification process, toxic compounds are
formed (Mesa et al. 2011). Conversion of lignocellulosic res-
idues into cellulosic ethanol comprises three phases: (i) pre-
treatment of raw materials to minimize the content of lignin
and enhance polysaccharide exposure; (ii) transformation of
polysaccharides into glucose and xylose monomers; (iii) sugar
fermentation to ethanol. Thus, ethanol production from the
lignocellulosic material is non-economic. The third-
generation biomass includes microalgae and macroalgae.
Marine biomasses such as seaweed, hyacinth, caltrop diatoms,
duckweed, kelp, and Salvinia are candidates for the produc-
tion of biofuels (Demiray et al. 2019; Nanda et al. 2018;
Vassilev et al. 2012). The development of biofuel from
microalgae biomass is regarded as one of the most promising
third-generation technologies due to the effective photosyn-
thetic process combined with a higher growth rate results in a
greater ability to sequester carbon dioxide than other bio-
masses (Matsumoto et al. 1997). However, there are still sig-
nificant complications to commercial microalgae develop-
ment, such as economic barriers, a lack of technical readiness,
and a shortage of common products developed to make
overall energy production from algae biomass desirable.
Selection of microalgae cultivation mode is of vital im-
portance to achieve the highest possible cost-
effectiveness of microalgae production.

In general, microalgae are usually cultivated by fixing dis-
solved, inorganic carbon (CO2) and absorbing solar energy;
thus, they perform photosynthesis and are photo-autotrophs,

while in heterotrophic cultivation organic carbon sources are
directly used instead of light as carbon and energy source
(Wen et al. 2019; Ceron-Garcia et al. 2005; Dragone et al.
2010; Cheah et al. 2018). Mixotrophic cultivations provide a
viable method for maximizing algal biomass production and
valuable metabolites in addition to lowering the expense of
continuous light energy usage (Sipauba et al. 2020; Ceron-
Garcia et al. 2005). Many microalgae species can be transit
from the photoautotrophic to the mixotrophic pathway.
Furthermore, it can only depend on autotrophic or heterotro-
phic metabolic pathways for growth (Choi and Lee 2015). The
use of low-cost carbon sources is more cost-effective than
using refined glucose. As a result, sugars extracted from sug-
arcane residues have been established as a promising energy
source for mixotrophic microalgae cultivation (Nguyen et al.
2018). Defatted microalgal biomass can be hydrolyzed to pro-
duce a considerable amount of reducing sugars which can be
fermented to ethanol (Sivasankar et al. 2017). In order to
overcome economic problems combined with microalga pro-
duction, the biomass remaining after extracting oil and other
valuable compounds can be used in the production of ethanol
after proper pretreatment (mechanically, chemically, or enzy-
matically) to liberate fermentable sugars (Sivasankar et al.
2017; Chaudhary et al. 2014; Nobre et al. 2013). In the present
study, a nontoxic, copious agricultural waste, sugarcane ba-
gasse aqueous extract has been used as a possible source of
traditional nutritional substitutes to minimize the costs of cul-
tivation and biodiesel production. In addition, the zero-value
defatted N. oculata microalga was used as a feedstock source
for bioethanol production after hydrolysis under variable acid
concentration and/or constant enzyme dosage.

Materials and methods

Algae and growth conditions

Marine microalga Nannochloropsis oculata (NNO-1 UTEX
Culture LB 2164) belonging to Chrysophyta were obtained
from Algal Biotechnology Unit, National Research Centre.
We grew cultures under conditions of F2 medium (Guillard
1975) containing the following composition (g L−1): NaNO3

0.075, NaH2PO4 H2O 0.005, and Na2SiO3.9H2O 0.030. Sea
water was artificially formulated from 22.0 g/L of sea salt
dissolved in pre-sterilized tap water. We performed
mixotrophic carbon nutrition based on the examined volume
of bagasse extract (El-Sayed et al. 2020). We locally collected
sugarcane bagasse fromGiza Governorate Egypt. The bagasse
was dried at 70 °C for 24 h in a hot air oven and homogenized
using a blender. We then subjected dried bagasse to acid hy-
drolysis at 30 °C for 24 h with 1.0N HNO3, and we removed
suspended solids using a sieve (0.2 mm); then, filtrate was
sugarcane bagasse vacuum-filtered using a 0.45-μm
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membrane filter (El-Sayed et al. 2020). Biochemical profile
sugarcane bagasse extract was presented in our previous work
(El-Sayed et al. 2020).

Light intensity was adjusted at 120μ.e from one side white
light bank, and aeration was done by free oil compressed air.
According to the previously described structure (El-Sayed
et al. 2020), Nannochloropsis oculata was cultivated for mass
production in 1000-l capacity tubular photobioreactor. Prior to
cultivation, the unit was sterilized by circulating hypochlorite
solution for 10 min, followed by water to remove the hypo-
chlorite residues, then filled with 1000 l tap water containing
25% F2 artificial growth medium, 10% sugarcane bagasse
aqueous extract (SBAE) filtrate, and enriched by commercial
fertilizer compounds as described by El-Sayed et al. (2020).
Night illumination was provided by the upper surface fluores-
cent lamp (6 lamps × 40 watts) along with the growth surface.
When the alga reached its maximum growth dry weight (g/L),
stress was induced with 20 kg NaCl (2%), and we collected
continuously samples from the bioreactor until the end of the
experiments. Control treatment of N. oculata was grown by
the autotrophic way of nutrition on the F2 medium.

Fat extraction from algal biomass

We switched off the aeration of the culture at the end of the
incubation cycle to allow algal cells to settle. To concentrate
the algal slurry, we used thermo laboratory centrifuge (4000
rpm/1800g) after removal of the transparent supernatant. After
drying the biomass, we extracted the lipids by using a hexane/
isopropanol mixture (3:2). Using the Soxhlet method, the ex-
tracted biomass had been removed, and the residual hexane
had evaporated by bubbling with either nitrogen or carbon
dioxide gas in a downflow mode. The procedure was repeated
until no odor of hexane was detected. We collected the LEAB
as dry biomass and held at 4 °C until it has been used.

Acid hydrolysis and preparation of defatted biomass
hydrolysates

We accomplished acid hydrolysis in 250-mL conical flasks
with 0%, 1%, 2%, 3%, 4%, and 5% of 98% H2SO4

for 15 min at 121 °C. The solid/liquid ratio of defatted
biomass content was set at 10% (w/v). (Miranda et al.
2012). The liquid fraction was isolated after hydrolysis
by centrifugation at 14,000 rpm (26342 RCF with radi-
us of rotor (120 mm)) for 15 min). We neutralized the
supernatant to pH 7 with 5.0 M NaOH and then used to
determine total carbohydrates, reducing sugars, mono-
saccharides, and hydroxymethyl furfural (HMF) before
being stored at 5–7 °C until used to produce ethanol.
We conducted all experiments in triplicates.

Enzyme hydrolysis and preparation of defatted
biomass hydrolysates

Defatted dry biomass was mixed in 1:10 (w/v) ratios with 0.0,
1.0, 2.0, and 3.0%H2SO4 solutions and autoclaved for 15 min
at 121 °C. The autoclaved solutions were cooled, neutralized
with 5 M NaOH, and the saccharification process was carried
out with a mixture of commercially available enzyme mix-
tures from Trichoderma reesei ATCC 26921 (3.2.1.4
(BRENDA, IUBMB)) and Trichoderma longibrachiatum C
9748 (3.2.1.4 BRENDA, IUBMB) containing multiple en-
zyme activities, mainly exoglycanase (1.6 FPU/mL),
endoglucanase (33.3 U/mL), cellobiohydrolase (30.02
U/mL), xylanase (21.0 U/mL), and β-glucosidase content
(12.4 U/mL). The hydrolysis was carried out by incubating
the mixture in a water bath at 60 °C, pH 5.5, for 24 h (pH was
maintained using 0.05M citrate buffer). The residual materials
were separated by centrifugation at 14,000 rpm for 15 min.
For complete free sugar analysis, the resulting hydrolysate has
been used to determine total carbohydrates, reducing sugars,
monosaccharides, and hydroxymethyl furfural (HMF) and
then cooled up to 5–7 °C until used for ethanol production
(Mirsiaghi and Reardon 2015). We conducted all tests three
times. We bought the commercial enzymes used in this study
from Sigma-Aldrich.

Ethanol production from defatted algal biomass

Inoculum preparation

The inoculum of Saccharomyces cerevisiae (NRRLY-2034)
obtained from the Department of Microbiology, Soils, Water,
and Environment Research Institute, Agriculture Research
Center—Giza, Egypt was cultured on yeast extract peptone
dextrose agar (YPD) and incubated at 30 °C and 150 rpm for
48 h. The cell density at the end of incubation was 5 × 107

CFU/mL.

Ethanol production

The medium used for ethanol fermentation was composed of
(%) 0.25 yeast extract, 0.25 (NH4)2SO4, 0.1 KH2PO4, and
0.05 MgSO4.7H2O, which were added to 100 mL of the fil-
trate from saccharified biomasses and sterilized at 121 °C for
15 min. The medium was cooled at room temperature and
inoculated with Saccharomyces cerevisiae at 2.0% v/v
then incubated at 30 °C for 4 days under static condi-
tions. We monitored glucose and ethanol concentrations
in a fermentation medium at 12-h intervals. Ethanol
yield was calculated according to the equation derived
by Yoswathana et al. (2010).

Ethanol yield = measured ethanol in the sample (g) / theo-
retical ethanol (g)
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where theoretical ethanol (g) = amount of initial sugar con-
tent (g) in fermentation solution × 0.5.

Analytical procedures

The method described by Dubois et al. (1956) performed the
measurement of the total carbohydrate. Estimation for the
amount of reducing sugars was carried out by the dinitro
salicylic acid (DNS) method using glucose as standard
(Miller 1959). We analyzed the monosaccharides and hy-
droxymethyl furfural (HMF) in the hydrolysates using high-
performance liquid chromatography (HPLC, Agilent, USA).
The chromatographic conditions were waters amino chro-
matographic column with a refractive index detector, elution
influent. The mobile phase was deionized water that had been
degassed in an ultrasonic bath under vacuum. At a tempera-
ture of 40 °C and an injection volume of 10 L, the flow rate
was 0.7 mL/min. The repeatability relative standard deviation
of this method is below 5%, and the recovery is over 97%. A
satisfactory result had been obtained under these optimum
conditions, and we finished the complete separation within
25min. Comparisonwith analytical curves achieved the quan-
tification using glucose, fructose, sucrose, fucose, ribose,
arabinose, xylose, and mannose standards. HMF was deter-
mined using a diode-array detector and an ODS analytical
column with detection of 280 nm. We prepared a filtered
and degassed mobile phase at a flow rate of 1 mL/min with
a sodium acetate buffer (0.08 M) and adjusted to pH 3.6 with
glacial acetic acid. Gas Chromatography was used to deter-
mine the concentration of bioethanol. Purification by distilla-
tion is very low when the retention time of impurities consid-
ered (below the boiling point of ethanol). The fermentation
efficiency (FE%) was determined by dividing the average
generated ethanol by the theoretically produced ethanol in
the biochemical conversion of the sugars consumed.

Statistical analysis

Statistical analysis was done by analysis of variance
(ANOVA) test using the Microsoft Excel program. The dif-
ference in values was indicated in the form of probability (p <
0.05) values.

Results

To increase the economic viability and environmental sustain-
ability of microalgal bioethanol production, sugarcane ba-
gasse aqueous extract (SBAE) as a nontoxic and abundant
agricultural waste was used for cultivating Nannochloropsis
oculata microalga. The content of carbohydrates in
microalgae is mainly present within the cell wall; its disrup-
tion and collapses are required to release monosaccharides and

make them accessible to fermentative microorganisms as car-
bon sources. The efficiency of each pretreatment method was
determined by measuring reducing sugars in hydrolysates.
The sugar composition of the polysaccharides and hydroxy-
methyl furfural (HMF) in hydrolysates was determined by
HPLC after each pretreatment. Effective pretreatment
processes take into consideration the cost of the produc-
tion process, degradation capacity of fermentable sugars,
energy efficiency, and ease of application (Sritrakul
et al. 2017; Phwan et al. 2019).

Effect of acid hydrolysis on total carbohydrates and
total reduced sugar content

Giang et al. (2019) showed that the acid concentration is a
limiting factor that can impair microalgal biomass saccharifi-
cation in the autoclave. The total carbohydrate yields were
increased with increasing acid concentration during the hydro-
lysis processes with H2SO4 pretreatment in the autoclave at
121 °C for 15 min as shown in Figure 1. The highest carbo-
hydrate yields due to acid hydrolysis were 252.84 mg/g DW
for defatted biomass cultivated mixotrophically on SBAE ob-
tained with 5.0% (v/v) H2SO4 concentration with respect to
207.41 mg/g DW for defatted biomass cultivated autotrophi-
cally (defatted control treatment). Regarding the reducing sug-
ar, results shown in Figure 1 revealed that increasing acid
concentration from 1.0 (v/v) to 4.0% (v/v) increased the con-
centration of H+ to a level that was optimum for hydrolyzing
the biomass. The highest level of reducing sugars due to acid
hydrolysis (4.0% (v/v) H2SO4) was 157.47 mg/g DW for
defatted biomass cultivated mixotrophically compared to
135.30 mg/g DW for defatted control treatment.

Effect of enzymatic hydrolysis on total carbohydrates
and total reduced sugar content

The synergistic effect of enzymatic hydrolysis coupled with
acid pretreatment was investigated and shown in Fig. 2. The
highest carbohydrate yield was obtained after a 15-min pre-
treatment with 2.0% sulfuric acid at 121 °C. It was recorded as
268. 53 and 177.73 mg/g DW for defatted biomass cultivated
mixotrophically and for defatted biomass cultivated autotro-
phically treatment, respectively. However, the highest levels
of reducing sugars were 232.39 mg/g obtained with 3.0%
(v/v) H2SO4 concentration for defatted biomass cultivated
mixotrophically and 150.75 mg/g for the defatted control
treatment (Fig. 2). By the same respect, 8.56 and 4.25 mg/g
were obtained with 0.0% H2SO4 digestion comparing with
40.39 and 32.17 mg/g of 0.5% (v/v) H2SO4 digestion or with
1.0% H2SO4 digestion that resulted in 66.25 and 45.09 mg/g.
Whereas pretreatment with 2.0%(v/v) H2SO4 digestion gave
152.39 and 87.68 mg/g for the defatted biomass cultivated
mixotrophically on SBAE and control treatment, respectively.
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Therefore, combination with acidic pretreatment increased the
enzymatic scarification performance of algal biomass.

Sugar composition of the polysaccharides

Enzymatic hydrolysis after pretreatment with 3.0% (v/v)
H2SO4 yielded the highest saccharification rates of
92.2% and 90.6% for defatted biomass cultivated
mixotrophically on SBAE and control treatment, respec-
tively. At high acid hydrolysis concentration 4.0% (v/v),
both defatted biomasses were more resistant than enzy-
matic hydrolysis with released sugar yields of 76.29%
and 75 .17% fo r de f a t t ed b iomas s cu l t i v a t ed
mixotrophically on SBAE and control treatment, respec-
tively. Thus, both treatments were subjected to HPLC
analysis of hydrolase products before bioethanol produc-
tion. Results in Table 1 and Fig. SI 1 A and B showed
the sugar composition of the defatted biomass of
N. oculata pretreated with 4.0% (v/v) H2SO4;

unexpectedly, acid hydrolysis of the algal biomass
grown mixotrophically or autotrophically (control) gave
low glucose yield (22.5% and 18.2%, respectively).

However, the enzymatic hydrolysis coupled with acid pre-
treatment showed a higher saccharification ratio (total reduc-
ing sugar yield to total carbohydrates) for the defatted biomass
of N. oculata grown mixotrophically or autotrophically (con-
trol treatment). Both the defatted biomasses showed the same
suite of sugars. Glucose was the principal polysaccharide sug-
ar (62.49% and 60.7%) followed by galactose, fucose, rham-
nose, xylose, arabinose, and mannose (Table 1, Fig. SI 1C and
D). Figure SI 2 showed the HPLC chromatograms of hy-
droxymethyl furfural (HMF): (A) standard and (B) sample
of N. oculata extracts from acid enzyme hydrolysis.

Ethanol productivity

The algae hydrolysates were then used as a substrate for the
producer microorganisms to convert to bioethanol. After every

Fig. 1 Effect of acid hydrolysis
(AH) treatment on total
carbohydrates mg/g (A) and
reducing sugars mg/g (B) of
N. Oculata defatted biomass
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12 h, samples were taken from the fermentation media and were
analyzed for alcohol contents through the GC method. Also, the
reduction in sugar content was simultaneously measured. Based
on chromatogram analysis by comparing ethanol standard and
sample, ethanol production from hydrolysates of defatted
N. oculata biomass treated with acid hydrolysis and acid coupled

enzyme hydrolysis is shown in Fig. 3. Among the samples, the
ethanol yield of the acid pretreated defatted biomass samples was
only 0.86 g/L (0.062 g/g sugar consumed) for defatted biomass
grown autotrophically (control) and 1.17 g/L (0.069 g/g sugar
consumed) for SBAE mixotrophic. However, the highest ethanol
yield of 6.17±0.47 g/L (0.26±0.11 g/g sugar consumed) was ob-
tained at the samples from defatted biomass grown
mixotrophically (SBAEmixotrophic) pretreatedwith acid coupled
enzyme hydrolysis (AEH). Whereas the initial reducing sugar
concentration was 24.33±1.41 g/L at 48 h corresponding to
64.50% of theoretical fermentation yield. The reducing sugar in
N. oculata hydrolysate was not fully consumed after 72 h and it
was 2.47±1.63 g/L.

Discussion

Results of acid hydrolysis clearly indicate that when 5.0%
(v/v) H2SO4 was added, the sugar release values were de-
creased. Increasing the acid concentration to 5.0% (v/v)
H2SO4 led to lower pretreatment efficiency with excessive
H+ degrading the sugar progressively into inhibitors. These
results correspond to the findings of Miranda et al. (2012),
which found that a decrease in reducing sugars is observed
when a concentration higher than 2 N (5.4% v/v) H2SO4 was
applied for Scenedesmus oblique.

The highest levels of reducing sugars were obtained with
4% H2SO4 in accordance with that reported by Hernández
et al. (2015) in which pretreatments forChlorella sorokiniana,
Nannochloropsis gaditana, and Scenedesmus almeriensis
were carried out using H2SO4 at different concentrations
(4%, 7%, and 10% (v/v)) at 121 °C for 30 min. They reported
that the highest reducing sugar was obtained with 7% H2SO4

concentration and values of 84, 93, and 55 mg/g DW for

Fig. 2 Effect of acid, enzyme hydrolysis (AEH) treatment on total car-
bohydrates mg/g (A) and reducing sugars mg/g (B) ofN. oculata defatted
biomass

Table 1 Sugar composition of
hydrolysates of N. oculata
microalgae biomass cultivated
autotrophically and
mixotrophically on SBAE after
optimum pretreatments

Components AH* AEH**

Autotrophic Mixotrophic Autotrophic Mixotrophic

g/L wt % g/L wt% g/L wt % g/L wt %

Galactose 6.12 44.014 8.281 49.030 1.16 10.312 2.29 9.256

Glucose 3.13 22.514 3.62 18.203 9.50 60.736 15.47 62.488

Fucose 3.65 26.210 4.90 29.016 2.65 16.965 4.31 17.396

Rhamnose 0.338 2.432 0.933 3.5233 0.865 5.527 1.70 6.880

Xylose 0.105 0.755 0.079 0.465 0.080 0.512 0.119 0.484

Arabinose 0.061 0.435 0.0262 0.155 0.139 0.893 0.126 0.509

Mannose 0.505 3.630 0.444 2.630 0.773 4.945 0.704 2.845

HMF 0.019 19.0μg/mL 0.081 81.0
μg/mL

0.007 7.0
μg/mL

0.011 11.0
μg/mL

AH* acid hydrolysis with 4% (v/v) H2SO4, AEH
** acid enzyme hydrolysis with 3% (v/v) H2SO4 followed by

enzymatic treatments
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C. sorokiniana, N. gaditana, and Scenedesmus almeriensis,
respectively, with small differences between 4% and 7%.

Results in Figure 2 confirmed that the enzymatic sacchar-
ification efficiency of algal biomass was enhanced by cou-
pling with 3.0% H2SO4 pretreatments. The higher saccharifi-
cation rate is obtained due to the greater exposure of algal
biomass to enzyme degradation. Nannochloropsis cells have
a high cell rupture resistance with a structurally complex and
mechanically rigid cell wall consisting of an outer layer of
algaenan and a cellulose layer in the inner layer (∼75 wt%
of the cell wall) (Ajjawi et al. 2017). Therefore, cell wall

conferred microalgal cells with structural rigidity as well as
resistance to cell rupture and chemical digestion (Gerken et al.
2013; Scholz et al. 2014; Angles et al. 2017; Baudelet et al.
2017). In general, our results revealed that samples of defatted
biomass cultivated mixotrophically had relatively higher car-
bohydrate contents than photoautotrophic condition (control).

Under heterotrophic and mixotrophic conditions, energy
storage molecules such as lipids and carbohydrates (starch
and glycogen) are strongly accumulated. Consequently, the
biomass content of these compounds is higher than that under
photo-autotrophic conditions (Choix et al. 2012).

Fig. 3 Fermentation with acid
hydrolysate and acid enzyme
hydrolysate of N. oculata
hydrolysate using S. cerevisiae
(reducing sugar: A and
bioethanol: B)
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Concerning to the polysaccharide composition of
N. oculata biomass, HPLC chromatogram results of the poly-
saccharide composition showed that acid hydrolysis was not
sufficient to hydrolyze high amounts of cellulosic materials.
The existence of galactose may be attributed to the high con-
centrations of galactolipids (e.g., MGDG, DGDG) that com-
pose the photosynthetic membranes of actively growing cells
(Harwood et al. 1998) or to the 1-6 linked galactans that dec-
orate the cell wall glycoproteins (Noda et al. 1996). Murano
et al. (1997) evaluated the effect of H2SO4 concentration and
reaction time on the hydrolysis efficiency of the biomass from
Solieria filiformis seaweed, and they obtained similar effects
of acid on galactose. An increase in acid concentration up to
0.2 M resulted in a sharp increase in galactose. Most galactose
presences in hydrolysates are confirmed by the high contents
of the pure iota-carrageenan of the Solieria filiformis
(Harwood et al. 1998). Nannochloropsis has complex cell
walls that comprise an outer algaenan layer and an inner layer
of cellulose (Ajjawi et al. 2017). Nannochloropsis algaenans
appeared to be much the same biopolymer as the cutan found
in drought-resistant land plants such as Agave and Clivia
(Blokker et al. 1998; Gupta et al. 2006). Moreover, the pres-
ence of a high amount of HMF (Table 1 and Fig. 3) is due to
the degradation of glucose to HMF. Whereas HMF was pre-
sented in low concentrations in defatted biomass pretreated
with 3.0% H2SO4 followed by enzymatic hydrolysis
biomass grown mixotrophically and autotrophically.
Appropriate pretreatment methods are required to over-
come the recalcitrance of lignocellulosic materials such
as dilute 0.5–2.5% H2SO4 performed at temperatures
from 100 to 200 °C (Sun et al. 2016).

Results of monosaccharide analysis after enzymatic hydro-
lysis coupled with acid pretreatment (AEH) were in relative
agreement with that obtained by Volkman et al. (1993), which
also showed glucose (45.2–66.2% of total sugars) to be the
most dominant monosaccharide in Nannochloropsis biomass.
Other sugars included fucose, galactose, mannose, rhamnose,
ribose, and xylose (2.0–14.0). The most prominent monosac-
charide in Nannochloropsis sp. is glucose, fucose, galactose,
mannose, ribose, and xylose (Templeton et al. 2012). The acid
coupled enzyme hydrolysis introduces a leap in bioethanol
production from defatted biomass of N. oculata. Bioethanol
yields of Nannochloropsis gaditana grown in various munic-
ipal wastewaters (0, 30, 60, and 100%) ranged between 70.3
±2.4 mg/g biomass and 94.3±5.5 mg/g biomass (Onay 2018).
The maximum bioethanol production and yield by the
microalgal hydrolysate were found to be 4.84 g/L and 0.37
g/g, respectively (Lee et al. 2019) when Brettanomyces
custersii H1-603 was used to convert Nannochloropsis
gaditana hydrolysate.

In the present study, the ethanol production rate and fer-
mentation efficiency of the acid hydrolysate (AH) were low,
due to the presence of galactose as the main reducing sugar in

the dilute acid hydrolysate, and the fact that ethanol yield from
galactose is lower than glucose (Hong et al. 2011; Hessami
et al. 2019). D-galactose undergoes conversion via the Leloir
pathway; basically, in this pathway, a five-step enzymatic
pathway converts D-galactose to glucose-6-phosphate
(Timson 2007). Therefore, lower fermentation yield from ga-
lactose compared with glucose is due to higher energy con-
sumption in galactose metabolism. All the biofuel sources
seem to be more expensive compared with fossil oil, and the
ambient world conditions obligate producers to use vegetables
and edible plants sources. Algae production seems to be of
high infrastructure costs, and reducing these costs took place
(El-Sayed et al. 2015, 2017) besides the ambient Egyptian
conflations. Otherwise, integration of a fuel matrix was also
studied to get the maximum full gain of inducing biodiesel,
followed by bioethanol from defatted algae. It will then orient
the rest dry biomass for the production of the main products in
terms of bio-stimulators, fodder, and bio-control agents.

Concerning economic productivity of bioethanol from al-
gae, the used biomass after oil extraction could serve as
wastes, and to increase the beneficial force of such wastes,
production of bioethanol and biogas might be useful. Further
studies will be focused on the increasing of reduced sugars of
algae. The local production cost is approximately US $2.0 (35
L.E.) of dried biomass. The produced matrix could be sum-
marized as 40–60% of unsaturated fatty acids with a high
marketing value, about 50% on the average saturated fatty
acid which must be oriented to biodiesel production. Biogas
reached 263 mL/g with sludge (Adam and Shanableh 2017)
and about 750 g.kg−1 of bio-stimulator or bio-control
agent which represented the main goal. Accordingly,
any quantity of the obtained ethanol would increase
the commercial gain of the algal matrix. Further re-
search might increase the initial content of the reduced
sugars and consequently the net ethanol.

Conclusion

In general, this is the first study describing bioethanol and
carbohydrate productions from defatted biomass of
Nannochloropsis oculata grown mixotrophically on SBAE.
The comparison between different chemical pretreatment
methods has shown that acid treatment combined with subse-
quent enzyme treatment is a suitable method for the conver-
sion of cellulose to sugar. Up to 92% of sugar yield could be
observed after this method. Acid hydrolysis was not sufficient
to hydrolyze large quantities of celluloses. The maximum eth-
anol production was obtained from defatted biomass hydro-
lyzed by acid coupled with enzyme hydrolysis of defatted
biomass. The acid coupled enzyme hydrolysis introduces a
leap in bioethanol production from microalgae such as
N. oculata. However, this method recommended efficient
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improvement in fermentation technology to make it an indus-
trially feasible feedstock for bioethanol production in terms of
economic viability.
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