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Abstract: Microalgae, which accumulate considerable carbohydrates, are a potential source of glucose
for biofuel fermentation. In this study, we investigated the enzymatic hydrolysis efficiency of wet
microalgal biomass compared with freeze-dried and oven-dried biomasses, both with and without
an acidic pretreatment. With the dilute sulfuric acid pretreatment followed by amy (α-amylase and
amyloglucosidase) and cellulase hydrolysis, approximately 95.4% of the glucose was recovered;
however, 88.5% was released by the pretreatment with 2% (w/v) sulfuric acid, which indicates the
potential of the acids for direct saccharification process. There were no considerable differences in
the glucose yields among the three kinds of materials. In the direct amy hydrolysis without any
pretreatment, a 78.7% glucose yield was obtained, and the addition of cellulase had no significant
effect on the hydrolysis to glucose. Compared with the oven-dried biomass, the wet biomass
produced a substantially higher glucose yield, which is possibly because the cross-linked cells of
the oven-dried biomass prevented the accessibility of the enzymes. According to the results, the
fresh microalgal biomass without cell disruption can be directly used for enzymatic hydrolysis to
produce glucose. The enzymatic hydrolysate of the wet microalgal biomass was successfully used
for acetone–butanol–ethanol (ABE) fermentation, which produced 7.2 g/L of ABE, indicating the
application potential of wet microalgae in the bioalcohol fuel fermentation process.

Keywords: wet microalgae; pretreatment; enzymatic hydrolysis; glucose

1. Introduction

Microalgae are a potential feedstock for bioalcohol fuels, such as bioethanol and
biobutanol production, because they can accumulate considerable carbohydrates that can
be used for fermentation, they fix CO2, and grow faster and at a higher rate than terrestrial
plants [1]. Prior to biofuel fermentation, the carbohydrates of microalgae are hydrolyzed
to fermentable sugars. The microalgae-based carbohydrates are primarily in the form of
starch and cellulose, which can be decomposed to glucose that is easily fermented into
biofuel [2]. Microalgae contain no lignin and only a small amount of hemicellulose to
block the decomposition of the glucose-based carbohydrates [3]. Thus, the conversion of
microalgal biomass to glucose is more effective than that of lignocellulosic materials [4–6].

To date, there have been many investigations into the use of microalgae-based car-
bohydrates for bioethanol or biobutanol production [7–9]. However, the carbohydrates
are in the cellular matrix of microalgae [10], and the processing of starch-rich microalgae
cells to obtain glucose is hindered by the rigid cell wall, which prevents access to the
intracellular starch [11]. Thus, cell disruption as a pretreatment process is an essential
step in the release of starch for hydrolysis. This is similar to the processing of lignocellu-
losic materials, for which a pretreatment can enhance the hydrolysis of cellulose and the
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bioethanol production [12–14]. The cell disruption methods for microalgae include mechan-
ical and nonmechanical processes [15]. The mechanical methods include high-pressure
homogenizers, ball mills, French presses, and ultrasounds. The nonmechanical methods in-
clude osmotic shock, freezing and thawing, heating, drying, alkali cell disruption, solvents,
detergents, acids, and enzymatic methods.

After the cell disruption, researchers commonly perform chemical processes with
mineral acids and alkaline solutions or enzymatic saccharification processes with enzymes
for the hydrolysis of the released starch into fermentable glucose [16]. While chemical
hydrolysis is faster, acidic conditions may lead to the corrosion of the reactors and the
decomposition of the sugars into toxic compounds that inhibit fermentation [16]. Saccha-
rification by enzymes involves the use of cellulases, amylases, and amyloglucosidases.
Enzymatic hydrolysis can be conducted under mild conditions and produce a high glucose
yield without the formation of sugar-degrading products that could affect the fermentation
of bioethanol production [16,17]. Thus, saccharification by enzymes is regarded as an effi-
cient, economic, and environmentally friendly method for producing fermentable glucose.

The successful use of microalgal biomasses as biofuel feedstock depends on the above-
mentioned processing efficiency for fermentable glucose production. As reported in the
literature, the glucose yield varies with the application of different microalgae species,
different pretreatment and hydrolysis methods, and reaction conditions [16,18,19]. Never-
theless, the harvesting-related processes, such as drying, might also have a direct influence
on the cost and quality of the biomass for the hydrolysis to glucose, thus affecting the
efficiency of the biofuel production. The drying methods include natural sun-drying, freeze-
drying, drum-drying, oven-drying, and spray-drying [20]. In previous studies, researchers
used freeze-dried and oven-dried microalgal cells as the materials [5,21–23]. However, the
drying of microalgal biomasses is not advisable for biofuel production [24]. In the context
of bioalcohol fuel production, the hydrolysis efficiency of using wet biomasses compared
to using dry biomasses has not attracted much attention.

In this study, we hypothesized that using fresh microalgal biomass for fermentable
glucose production is comparable to using dry biomass, which makes the process more cost-
effective [20]. Moreover, although there are studies in which the researchers address the
necessity of the pretreatment step for the cell wall rupture of microalgae [25], how it affects
the hydrolysis efficiencies of wet and dry biomasses has not been studied. Thus, we used
dry (freeze- and oven-dried) and fresh microalgal biomasses for the acidic pretreatment
followed by enzymatic hydrolysis, and for direct enzymatic hydrolysis to produce the
fermentable glucose. The hydrolysis efficiencies of these materials were compared. Finally,
the hydrolysate of the fresh microalgal biomass was used for biobutanol production to
evaluate its feasibility for biofuel production. The expected results provide the databases
for increasing the feasibility of bioalchol fuel production from microalgae-based biomasses.

2. Materials and Methods
2.1. Microalgae Cultivation and Harvest

C. sorokiniana UTEX1230 was purchased from the Culture Collection of Algae at the
University of Texas at Austin (UTEX). The cultivation of C. sorokiniana was conducted in a
plastic flatbed-based algal culture system in a greenhouse [26]. In this system, the medium
was contained in polyethylene bags, fabricated with 0.08 mm greenhouse film rolls (double
layers). The films were hollow and cylinder-shaped when inflated and cut at the desired
length with two ends open. They were laid on a leveled surface and raised with wood
planks at both ends to form flatbeds to hold the culture medium. The temperature in the
greenhouse was controlled at 25–35 ◦C. The flatbed was illuminated by sunlight for 12 h,
with an intensity of over 500 µmol m−2s−1 at noon and approximately 300 µmol m−2s−1 at
9:00 a.m. and 5:00 p.m. In the cloudy days, artificial light (Gold halide lamp, JLZ400kn,
Yaming, Shanghai, China) was used to provide supplementary light with a light intensity
of over 100 µmol m−2s−1.



Fermentation 2023, 9, 284 3 of 15

The culture volume was 10 L, and a tris-acetate-phosphate (TAP) medium with a sulfur
limitation was used. The main components and final concentration of the TAP medium
were as follows: Tris, 2.0 × 10−2 M. TAP salts, NH4Cl, 7.0 × 10−3 M, MgSO4·7H2O,
4.06 × 10−4 M, CaCl2·2H2O, 3.4 × 10−4 M. Phosphate buffer, K2HPO4, 4.74 × 10−4 M,
KH2PO4, 3.97 × 10−4 M. Trace element, EDTA-Na2, 5.7 × 10−2 M, (NH4)6Mo7O24, 2.85
× 10−2 µM, Na2SeO3, 0.1 µM, ZnSO4·7H2O, 2.5 µM, MnCl2·4H2O, 6 µM, FeCl3·6H2O,
20.0 µM, CuCl2, 2.0 µM, Na2CO3, 22 µM, glacial acetic acid, 1.75 × 10−2 M. Use of the
S-limitation medium (TAP-S) requires that MgSO4 is removed from the TAP salts, with
subsequent supplementing of the medium with 4.06 × 10−4 M MgCl2 in order to ensure
the concentrations of magnesium ions and other reagents remain unchanged.

We let the microalgae culture stand for 1 h to allow the biomass to settle. The super-
natant was removed, and then the slurry was centrifuged using a centrifugal machine
(DD5M, Kaida, Changsha, China) at 4000× g for 5 min. After that, the wet biomass was
divided into three portions. One portion was dried in a freezer dryer (FD5-3T, GOLD-SIM,
USA) for 24 h, one portion was dried in an oven (GLF-45, LABOTERY, Tianjin, China) at
105 ◦C for 12 h, and the other portion was used as the wet biomass. The water content
of the wet biomass was 73.98%, which was the mean value calculated based on the dry
weight ratio of the biomasses for freeze-drying and oven-drying. Briefly, the portions for
drying were preweighed, and after drying, they were weighed again. The dry weight ratio
was calculated. The three kinds of materials (freeze-dried, oven-dried, and wet biomasses)
were stored in a freezer at −20 ◦C and used for the subsequent analyses.

2.2. Chemical Composition Analysis

The content of the glucose-based carbohydrates in C. sorokiniana was measured accord-
ing to the protocol of the National Renewable Energy Laboratory [27]. The three kinds of
materials, each weighing 25 mg according to the dry weight, were treated with 72% (w/w)
sulfuric acid for 1 h at 30 ◦C in a 15 mL centrifuge tube with a screw cap. The samples were
then diluted to 4% sulfuric acid with deionized water and autoclaved for 1 h at 121 ◦C.
After cooling, the supernatant was collected for the glucose analyses using an SBA 40C
biosensor analyzer (Biology Institute, Shandong Academy of Sciences, Jinan, China).

The lipid content was measured using the sulfo-phospho-vanillin (SPV) method [28].
The three kinds of materials (3 mg in dry weight) were suspended in 100 µL water, and
2 mL of concentrated (98%) sulfuric acid was added. The solution was heated for 10 min
at 100 ◦C, and then cooled for 5 min in an ice bath. A total of 5 mL of freshly prepared
phospho-vanillin reagent was then added, and the sample was incubated in an incubator
shaker for 15 min at 37 ◦C and 200 rpm. The optical density at 530 nm was measured to
quantify the lipid content. Corn oil was used to prepare the standard lipid stocks at 50 mg
in 50 mL chloroform.

The protein content was measured using a BCA assay kit (Beyotime Institute of
Biotechnology, Nantong, China). The three kinds of materials were lysed with an extrac-
tion solution, containing 50 mM tris (pH 8.1), 1% sodium dodecyl sulfate (SDS), sodium
pyrophosphate, β-glycerophosphate, sodium orthovanadate, sodium fluoride, EDTA, and
phenylmethanesulfonyl fluoride (PMSF). The supernatant was collected to measure the
optical density at 562 nm with the spectrophotometer.

2.3. Dilute Acid Pretreatment Followed by Enzymatic Hydrolysis

The freshly collected biomasses, which were characterized in terms of the water content
and dry weight, were pretreated with 0, 0.5, 1.0, 1.5, and 2% (w/v) sulfuric acid at 121 ◦C for
60 min for cell rupture. The freeze-dried and oven-dried biomass were also pretreated. The
dry matter contents in the reaction systems were 2% (w/v). After the reaction, the liquid
was cooled, and the supernatant was taken for the glucose content analysis.

The residue was also collected, supplemented with the same amount of water as the
pretreatment liquid, and subjected to enzymatic hydrolysis by adding amylase, amyloglu-
cosidase, and cellulase. High-temperature-resistant α-amylase (Aladdin, Shanghai, China),
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amyloglucosidase (Aladdin, Shanghai, China), and cellulase (Cellic® CTec2) (Novozymes
A/S, Bagsværd, Denmark) were used for the hydrolysis of the microalgal biomasses
(Table 1). The dosages of α-amylase and amyloglucosidase were 8 U/g dry matter (DM),
set according to the activities of α-amylase and amyloglucosidase provided by the manu-
facturer (Table 1). The dosage of cellulase was 10 FPU/g DM, set according to our previous
study [29]. Hydrolysis was conducted in a shaking incubator at 180 rpm and 50 ◦C for
48 h. After the hydrolysis, the reaction was stopped by boiling the samples in a water
bath for 10 min. The glucose contents in the supernatant after pretreatment and enzymatic
hydrolysis were analyzed to calculate the hydrolysis efficiency.

Table 1. Detailed information on the enzymes used in this study.

Enzymes Source Activity Optimum Temperature (◦C) Optimum pH

α-amylase Aspergillus oryzae 40,000 µ/g 55–100 5.2–6.0
Amyloglucosidase Aspergillus niger 100,000 µ/mL 58–62 4.2–4.5

Cellulase
A blend of aggressive cellulases,

high level of β-glucosidases
and hemicellulase

176 FPU/mL 45–50 4.5–5.0

2.4. Direct Enzymatic Hydrolysis

The enzymatic hydrolysis of the microalgal biomasses for glucose yield calculations
was conducted with 2, 6, 10, and 20% dry matter (DM) loading in tubes with 5 mL of
water or 50 mM sodium citrate buffer (pH 5.0). Hydrolysis was conducted in a shaking
incubator at 180 rpm and 50 ◦C. The dosages of α-amylase and amyloglucosidase were
8 U/g DM. For the test of the cellulase effect, the cellulase dosages were 0, 2, 5, 10, and
15 FPU/g DM, respectively. The pure starch was also hydrolyzed as a control to investigate
the effects of enzyme mixtures and buffer solutions. After all the hydrolysis, the reaction
was terminated via a boiling water bath for 10 min. The supernatant was collected to
determine the glucose content.

2.5. Scanning Electron Microscopy Analysis

Fresh cells of C. sorokiniana were collected by centrifugation, cleaned twice with
phosphate-buffer-saline (PBS), fixed with an electron microscopy fixative for 2 h at room
temperature, and then transferred to 4 ◦C for preservation. The cells were washed three
times with 0.1 M phosphate buffer (PB, pH 7.4) for 15 min each time, then transferred into
1% OsO4 in 0.1 M PB for 1–2 h at room temperature. After that, the cells were again washed
in 0.1 M PB three times for 15 min each time. The cells were dehydrated in gradient ethanol
solutions (30%–50%–70%–80%–95%–100%) and in pure isoamyl acetate. After drying with
a critical point dryer (Quorum, K850), the specimens, as well as the freeze-dried and oven-
dried samples, were attached to metallic stubs using carbon stickers and sputter-coated
with gold for 30 s. The cells were observed and imaged with a scanning electron microscope
(Hitachi, SU8100).

2.6. Biobutanol Fermentation

Clostridium acetobutylicum ATCC 824 was used for the acetone–butanol–ethanol (ABE)
fermentation. According to our previous study [30], freeze-stored culture was activated in
50 mL of reinforced clostridial medium [31] for 14–16 h.

The fermentation was conducted in 125-mL screw-capped bottles containing 50-mL
enzymatic hydrolysates for 120 h. In order to increase the glucose concentration for suitable
fermentation, the hydrolysates were derived from 6% (w/v) microalgal biomass. The hy-
drolysis was conducted in 250-mL bottles. The wet biomasses with 6 g of dry weight were
added to 100 mL of water, which included the water in the wet biomasses. Correspond-
ingly, α-amylase and amyloglucosidase with 8 U/g DM were added. Hydrolysis was also
conducted in a shaking incubator at 180 rpm and 50 ◦C for 48 h. The pH of the enzymatic
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hydrolysates was adjusted to 6.5 with Ca(OH)2 prior to fermentation. The hydrolysates
were purged with N2 for 10 min to maintain an anaerobic condition and were sterilized at
121 ◦C for 20 min. Fermentation started statically at 37 ◦C when inoculated into the C. aceto-
butylicum ATCC 824 culture (10%, v/v). Prior to the inoculation, each of the filter-sterilized
stock solutions (buffer: KH2PO4, 50 g/L; K2HPO4, 50 g/L; ammonium acetate, 220 g/L;
mineral: MgSO4·7H2O, 20 g/L; MnSO4·H2O, 1 g/L; FeSO4·7H2O, 1 g/L; NaCl, 1 g/L; and
vitamin: para-aminobenzoic acid, 0.1 g/L; thiamin, 0.1 g/L; biotin, 0.001 g/L) was added
to the hydrolysate media [30]. Fermentation samples were taken at 24-h intervals.

2.7. Analysis

The glucose analysis was conducted using an SBA 40C biosensor analyzer (Biology
Institute, Shandong Academy of Sciences, Jinan, China). The equations for the calculation
of the glucose-based carbohydrate content and glucose yields are as follows:

Glucose-based carbohydrate content (%) = Glucose in microalgal biomass
(g) ÷ Dry weight of microalgal biomass (g) × 100

(1)

Glucose yield (%) = Glucose in the hydrolysate (g) ÷ Glucose in microalgal
biomass (g) × 100

(2)

Acetone, butanol, and ethanol were determined using a gas chromatograph (TRACE
1300, Thermo, Waltham, MA, USA) equipped with a hydrogen flame ionization detector
and a packed column (Porapack Q, 80/100) [32].

2.8. Statistical Analysis

All experiments were conducted with at least three biological replicates. Experimental
results were analyzed using one-way ANOVA with Duncan’s multiple range test (SPPS vs. 20).

3. Results
3.1. Wet and Dry Biomasses Used for Composition Analysis

The freeze-dried and oven-dried biomass, and wet biomass of C. sorokiniana were used
for the main composition analysis, including the carbohydrates, lipids, and protein contents.
The carbohydrate contents of the freeze-dried, oven-dried, and wet biomasses were 53.2%,
53.8%, and 53.1% in dry weight, respectively, with no significant differences (Figure 1).
Lipids contents ranged from 22.6 to 29.9%, and protein contents ranged from 9.7 to 11.4% in
dry weight, respectively. According to the results, the wet microalgae produced comparable
composition content values to those of the freeze-dried and oven-dried biomasses, which
indicated the feasibility of using the wet biomass for the composition analysis.
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The chemical composition of microalgae, such as the content of carbohydrate, is
usually investigated for the calculation of the hydrolysis efficiency of microalgal biomass.
The carbohydrate contents were comparable with those of studies on C. vulgaris, in which
a considerable number of carbohydrates accumulated under nutritional stress [33]. As
reported earlier, a lack of nutrients can exert stress on microalgae, which leads to changes in
their cellular metabolic processes and the accumulation of energy storage metabolites, such
as starches and lipids [34]. The high carbohydrate content in the C. sorokiniana biomass
suggested its potential for use in bioalcohol fermentation. However, the drying process
makes its use more complicated and energy-intensive. As reported previously, the freeze-
drying and oven-drying took 24 h and 12 h, and the energy consumption was 6 kW and
21.96 kW, respectively [20]. Correspondingly, the use of wet biomass could increase the
feasibility of microalgal biofuel production. Thus, we compared the abilities of these three
materials to produce fermentable glucose through hydrolysis.

3.2. Acidic Pretreatment Followed by Enzymatic Hydrolysis

A diluted sulfuric acid treatment was applied as the pretreatment process to disrupt
the cell wall, followed by the enzymatic hydrolysis of the released starch. With the increas-
ing acid concentrations, the glucose released into the pretreated hydrolysates increased
(Figure 2A). Using freeze-dried and oven-dried biomasses, 81.0% and 79.6% of glucose
yields were obtained with 2% (w/w) of sulfuric acid, respectively. Comparatively, the wet
biomass produced an 88.5% glucose yield, which was higher (p < 0.05) than that of the dry
biomass. According to the results, most of the glucose was released from the raw biomass
into the pretreated hydrolysates. The relatively lower concentrations of acid did not result
in any substantial differences in the glucose yields between the wet and dry biomasses.

The residual biomass after the acid pretreatment was further hydrolyzed using a
one-pot process with an enzyme mixture that included α-amylase, amyloglucosidase, and
cellulase (Figure 2B). The hydrolysis reaction was performed at 50 ◦C, which accommodated
the condition for cellulase because the starch was hydrolyzed during the pretreatment,
which left behind more cellulose. After the hydrolysis, an approximately 83.4% glucose
yield was obtained from the wet biomass in the control group (without acid) (Figure 2B). The
glucose yields from the residual biomass after the acid pretreatment were as low as under
10%, which further confirmed that a large proportion of the glucose-based carbohydrates
were hydrolyzed with the dilute acid and that the glucose was released to the pretreated
hydrolysates.

By combining the glucose yields of both the pretreated and enzymatic hydrolysates, a
total glucose yield of 95.5% was obtained after the 2% sulfuric acid pretreatment followed
by enzymatic hydrolysis (Figure 2C). Interestingly, substantially lower glucose yields were
obtained with 0.5% sulfuric acid followed by enzymatic hydrolysis. This was probably
because the carbohydrates were hydrolyzed into the oligosaccharides, which were present
in the acid-treated hydrolysates. As reported earlier, the starch degraded into oligosaccha-
rides with a low sulfuric acid concentration and a lower reaction time [35]. There were not
any substantial differences in the total glucose yields with different concentrations of acid
between the freeze-dried, oven-dried, and wet biomasses, which indicated that efficient
and direct hydrolysis can be achieved by using the wet microalgal biomass.

The conversion of the carbohydrates in microalgae to glucose is one of the key steps in
biofuel production. Acidic treatments are usually used as pretreatments or in the direct
hydrolysis process [5,8,23]. From the point of view of the hydrolysis process, considerable
glucose yields were obtained regardless of whether the dry or wet biomass was used
(Figure 2A). As reported earlier, a maximum glucose yield of 95.0% was achieved from the
hydrolysis of algal biomass at 100 ◦C for 30 min by using 3.0 wt.% sulfuric acid [36]. The
glucose yields obtained in our study were comparable or superior to those of other studies
in which the researchers used the acidic hydrolysis method (Table 2), indicating that the
conversion of microalgal biomass to fermentable glucose can be achieved efficiently via the
direct acidic saccharification process. Additionally, most of the studies used freeze-dried
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and oven-dried biomass for the hydrolysis (Table 2). The glucose yield was lower than
that in the study of wet S. obliquus CNW-N, which was probably due to the different acid
percentages used in volume and mass for the hydrolysis, and also, the glucose yields
obtained were probably species-dependent, as we all know, the Chlorella possesses a rigid
cell wall, which could make the efficiency of hydrolysis lower. According to the results
presented here, the use of fresh microalgae-based carbohydrates for biofuel production
is feasible.
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Figure 2. Glucose yields of freeze-dried, oven-dried, and wet microalgal biomasses obtained by acidic
pretreatment followed by enzymatic hydrolysis: (A) yields of glucose released to hydrolysates after
pretreatment by different concentrations of acid; the * indicate the significant differences (p < 0.05)
of freeze-dried and oven-dried samples compared to wet sample; (B) yields of glucose released
after residue hydrolysis by amy (α-amylase and amyloglucosidase) and cellulase; the * indicate the
significant differences (p < 0.05) of freeze-dried and oven-dried samples compared to wet sample;
(C) total glucose yields with a combination of pretreated and enzymatic hydrolysates; the ** indicate
the significant differences (p < 0.01) of samples pretreated by 0.5% sulfuric acid compared to that
pretreated by water and other acid concentrations.
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Table 2. Glucose yields of algae biomasses obtained by chemical hydrolysis.

Microalgae Substrates Pretreatment/Hydrolysis Methods Glucose Yields (%) References

Chlorella vulgaris FSP-E Lyophilized 1% (v/v) H2SO4 at 120 ◦C for 20 min 93.6 [5]

Chlorella sp. TIB-A01 Dried at 60 ◦C 2% HCl and 2.5% MgCl2 at 180 ◦C
for 10 min 64.21 [21]

Scenedesmus obliquus Oven-dried
at 80 ◦C

2 N H2SO4
at 120 ◦C for 30 min 95.6 [23]

Chlorella vulgaris Dried in a sunbath for
24 h 1 M HCl at 120 ◦C for 60 min 23 [37]

Chlorococcum
infusionum

Oven dried at 60 ◦C
overnight and milled

0.75% (w/v) NaOH at 120 ◦C for
30 min

350 mg/g
Biomass [38]

Hindakia tetrachotoma
ME03 Lyophilized 1M HCl at 121 ◦C for 30 min 90.3 [39]

Scenedesmus obliquus
CNW-N Wet 2% (v/v) H2SO4 at 120 ◦C for 20 min 96–98 [40]

Chlorella sorokiniana
UTEX 1230 Wet 2% (w/v) H2SO4 at 120 ◦C for 60 min 88.5 This study

On the other hand, when the acids were used as pretreatment to disrupt the cell walls
of the microalgal biomasses, the enzymatic hydrolysis was usually followed. The results of
this study showed that a low amount of glucose was obtained after enzymatic hydrolysis
(Figure 2B), which indicated the high efficiency of the acid for the direct hydrolysis of
the biomass. In this case, it is probably not worth performing the subsequent enzymatic
hydrolysis, considering the process complexity and enzyme costs. The relatively low
concentrations of acids, such as 0.5%, caused the incomplete hydrolysis of the carbohydrates.
Nevertheless, the control group (without acid) was effective for the enzymatic hydrolysis
and the attainment of reasonable glucose yields. Hydrothermal treatment is also one of
the methods for cell rupture, however, it could not hydrolyze the starch. Although it can
leave the starch for glucose release in the second enzymatic step, from an economic point
of view, the fewer the steps, the better. Thus, we will next investigate the direct hydrolysis
of microalgal biomasses by enzymes without any pretreatment.

3.3. Direct Enzymatic Hydrolysis

The microalgal biomasses were first hydrolyzed by α-amylase and amyloglucosidase
(Figure 3A). To simplify the process, the one-pot process was also performed at 50 ◦C in the
water system, because under these conditions, a glucose yield of 87.5% can be obtained
from pure starch. With increasing time, the hydrolysis yields of the freeze-dried, oven-dried,
and wet biomass increased. After 48 h, the maximum glucose yields of 67.9%, 55.6%, and
74.0% were obtained, respectively. The yields of the freeze-dried and wet biomass were
significantly higher (p < 0.01) than those of the oven-dried biomass. However, the glucose
yields were lower than those obtained by the pretreatment with acids.

Since the Chlorella genus has rigid cell walls, the disruption of their structure by
cellulase is an option to allow the amylases access to the intracellular starch, which would
increase the hydrolysis yields. Thus, different dosages of cellulase were added to the
hydrolysis system (Figure 3B). According to the results, there were no substantial increases
in the hydrolysis yields with the action of cellulase below the dosage of 10 FPU/g. The
oven-dried biomass produced lower glucose yields than the freeze-dry and wet biomasses.
The glucose yield of the pure starch as a control was 93.5% with the addition of 10 FPU/g
cellulase, which significantly increased (p < 0.05) compared with that without cellulase.
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Figure 3. Enzymatic hydrolysis of pure starch, freeze-dried, oven-dried, and wet microalgal
biomasses: (A) with the amy enzyme mixture (α-amylase and amyloglucosidase); the * indicates
the significant differences (p < 0.05) of the oven-dried sample compared to the freeze-dried and
wet samples; (B) with the addition of different dosages of cellulase in the amy enzyme mixture; the
* indicates the significant differences (p < 0.05) of the samples hydrolyzed with cellulase compared
to those without cellulase; (C) with Na–citrate buffer system; Cel, cellulase; amy, α-amylase, and
amyloglucosidase mixture; Cel and amy, mixture of cellulase and amy; the * indicates the signifi-
cant differences (p < 0.05) of the oven-dried sample compared to the freeze-dried and wet samples;
(D) with water system; Cel, cellulase; amy, α-amylase, and amyloglucosidase mixture; Cel+Amy,
mixture of cellulase and amy; the * indicates the significant differences (p < 0.05) of the oven-dried
sample compared to the freeze-dried and wet samples.

The results suggested that the wet biomass can also be directly used for enzymatic
hydrolysis, and comparable glucose yields were obtained with the dry biomass. For the
further optimization of the hydrolysis yields, the wet biomass was hydrolyzed in the system
containing the citrate buffer and water, respectively. An approximately 98.0% glucose yield
was obtained from the pure starch in the citrate buffer with the action of the enzyme
mixture containing α-amylase, amyloglucosidase, and cellulase (Cel) (Figure 3C). The Cel
alone can also hydrolyze starch, which could be the reason for the increase in glucose
yield from starch with the help of the Cel (Figure 3B). With Cel alone, the glucose yield of
the wet biomass was 9.4%, which was slightly lower than that of the dry biomass. With
amy (α-amylase and amyloglucosidase), the glucose yield of the wet biomass significantly
increased to 75.3%, and it slightly increased to 78.5% with the addition of Cel. The results
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were comparable to those of the freeze-dried biomass, but they were significantly higher
(p < 0.01) than those of the oven-dried biomass. The glucose yields obtained in the water
system were all lower than those obtained with the use of the citrate buffer (Figure 3D),
which indicates the positive effect of the buffer solution on the enzymes. However, the
cost issue must be considered, as we obtained 73.0% of the yield from the water system.
The maximum glucose yield in this study was comparable to those of previous studies in
which researchers used enzymes for hydrolysis (Table 3). Choi et al. (2010) obtained a sugar
conversion of 0.57 g sugar/g of algal biomass with two different commercial enzymes,
including amylase from B. licheniformis and glucoamylases from Aspergillus niger [41]. In
the other example, Chlorococum humicola biomass was hydrolyzed with enzymes from
Trichoderma reesei, obtaining a saccharification yield of 64.2% (w/w) [42].

Table 3. Glucose yields from algal biomasses obtained by enzymatic hydrolysis.

Microalgae Substrates Pretreatments Enzymes Glucose Yields
(%) References

Chlorella vulgaris
FSP-E Lyophilized Sonication and

autoclave

Endoglucanase,
β-glucosidase and

amylase
90.4 [5]

Chlorella sorokiniana
UTEX 1663

Freeze-dried
Wet Milling Cellulase and

amylase
80.14
11.56 [11]

Chlorella Vulgaris
UTEX 26

Freeze-
dried

Autoclave,
sonication, and

milling
Pectinase 79 [22]

Chlorella vulgaris Dried Milled
Amylases, cellu-

lase/hemicellulase,
and pectinases

92 [43]

Scenedesmus
raciborskii ZKMT

Freeze-
dried

Ground and
sieving

Cellulase,
α-amylase and

amyloglucosidase
91.47 [44]

Chlorella variabilis
NC64A Wet Virus infection α-amylase and

amyloglucosidase 43.4 [45]

Chlorellasorokiniana
UTEX 1230 Wet Autoclave α-amylase and

amyloglucosidase 83.4 This study

Chlorella sorokiniana
UTEX 1230 Wet No α-amylase and

amyloglucosidase 78.7 This study

According to the results presented here, using amylase and amyloglucosidase could ef-
ficiently hydrolyze the carbohydrates of the microalgal biomasses. It means that α-amylase
and amyloglucosidase played central roles in the glucose release from the microalgal
biomasses. We expected that the addition of cellulase would be conducive to the release
of the starch in the microalgal cells, and promote hydrolysis efficiency. As reported ear-
lier, the sugar release could be increased from 67 to 101 mg/g DW with the addition of
cellulase [46]. However, no obvious effect of the cellulase on the hydrolysis efficiency was
observed (Figure 3C,D). The results indicated that the energy-intensive physical pretreat-
ment like in previous studies (Table 3) or expensive enzymatic pretreatment used in this
study may not be necessary during the saccharification of microalgal biomasses. Although
the glucose yield in this study was relatively lower than that in some of the other studies
(Table 3), it is possible to adjust the hydrolysis conditions to maximize the amylase and
amyloglucosidase activities instead of using the one-pot process, which would allow the
glucose yields to be further increased.

3.4. Cellular Morphology of Dry and Wet Microalgal Biomass

To investigate the reason why different enzymatic hydrolysis performances were
observed with the wet and dry biomass, SEM analyses of the freeze-dried, oven-dried, and
wet biomasses were conducted (Figure 4). The freeze-dried sample showed the individual
cells, and they were intact and free of extracellular substance. However, the cells of the
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oven-dried sample were cross-linked together, which seems to create a barrier to the
intercellular space, limiting the access for enzymes. There could be extracellular substances
that tightly linked the cells and formed a “film” during the oven-drying. The wet samples
showed irregular cellular morphology. We speculated that there were also exopolymeric
substances in the wet biomasses, but they surrounded the cells loosely. According to the
results of the enzymatic hydrolysis, the freeze-dried and wet biomasses produced higher
glucose yields than the oven-dried biomass, which was possibly because of their different
cellular structures. The “film” formed on the oven-dried biomasses probably prevented the
accessibility of enzymes. Although wet biomasses also showed the extracellular substance,
these substances could probably be dissolved during the hydrolysis in water, thus leaving
the free cells to enzymes. As reported earlier, the morphology of microalgae cells could
closely dictate the mechanism of enzyme adsorption on the microalgae surface [47].

Fermentation 2023, 9, x FOR PEER REVIEW 12 of 16 
 

 

 
(a) (b) (c) 

Figure 4. SEM analysis of freeze-dried (a), oven-dried (b), and wet (c) microalgal cells. 

3.5. Biobutanol Fermentation of Wet Microalgal Hydrolysate 

The ability of the enzymatic hydrolysate of the wet microalgal biomass was tested to 

produce biobutanol via acetone–butanol–ethanol (ABE) fermentation. To reach a suitable 

glucose concentration for the fermentation, different DM loadings for enzymatic hydrol-

ysis were investigated (Figure 5A). The results showed that there was no significant dif-

ference in glucose yield with 6% DM loading compared to 2%, indicating the feasibility of 

direct enzymatic hydrolysis with relatively higher DM loading. However, significantly 

lower yields were observed with 10 and 20% DM loadings. The corresponding glucose 

concentrations were shown in Table 4. Thus, the hydrolysates derived from 6% DM were 

fermented into ABE solvents. The hydrolysate produced a total of 7.2 g/L ABE over 96 h, 

of which 4.6 g/L was butanol, 2.5 g/L was acetone, and 1.5 g/L was ethanol (Figure 5B). 

The butanol and ABE yields were 0.22 and 0.35 g/g glucose, respectively, which were com-

parable to those obtained in previous studies on fermentation using C. acetobutylicum with 

sugars from microalgae [7,48–50]. 

Figure 4. SEM analysis of freeze-dried (a), oven-dried (b), and wet (c) microalgal cells.

3.5. Biobutanol Fermentation of Wet Microalgal Hydrolysate

The ability of the enzymatic hydrolysate of the wet microalgal biomass was tested to
produce biobutanol via acetone–butanol–ethanol (ABE) fermentation. To reach a suitable
glucose concentration for the fermentation, different DM loadings for enzymatic hydrolysis
were investigated (Figure 5A). The results showed that there was no significant difference
in glucose yield with 6% DM loading compared to 2%, indicating the feasibility of direct en-
zymatic hydrolysis with relatively higher DM loading. However, significantly lower yields
were observed with 10 and 20% DM loadings. The corresponding glucose concentrations
were shown in Table 4. Thus, the hydrolysates derived from 6% DM were fermented into
ABE solvents. The hydrolysate produced a total of 7.2 g/L ABE over 96 h, of which 4.6 g/L
was butanol, 2.5 g/L was acetone, and 1.5 g/L was ethanol (Figure 5B). The butanol and
ABE yields were 0.22 and 0.35 g/g glucose, respectively, which were comparable to those
obtained in previous studies on fermentation using C. acetobutylicum with sugars from
microalgae [7,48–50].

Table 4. The glucose concentrations in the hydrolysates derived from different dry matter loading.

Dry Matter Loading (%) Glucose Concentrations (g/L)

2 8.0 ± 0.7
6 23.0 ± 1.4
10 16.5 ± 1.9
20 28.6 ± 1.2

Microalgae grown under appropriate conditions with high carbohydrates contents
and simple pretreatment processes for cell rupture can serve as an efficient feedstock for
ABE production [18]. Although the carbohydrates of the microalgal biomasses were as
high as over 50%, the cultivation condition was under a sulfur limitation, which could have
affected the biomass yields, leading to low carbohydrate productivity. In such a case, it is
beneficial to choose an algal strain that has a very high carbohydrate content.
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The butanol and ABE yields obtained from microalgal biomasses were comparable to
those from liquefied starch [51], which suggests that the fermentation is no different from
that of starchy materials, and that no inhibitory effect of the microalgal hydrolysate was
observed. The fact was that the initial glucose concentration in the hydrolysate was only
23 g/L, which was not sufficient to further increase the ABE titers. As reported earlier, to
achieve efficient ABE fermentation, the initial glucose concentration should be in the range
of 50–60 g/L [18]. Therefore, improving the hydrolysis efficiency of high biomass loadings,
similar to those attempts on lignocellulosic materials, could increase the feasibility of the
commercial use of fresh microalgal biomasses for biofuel production.

4. Conclusions

The use of microalgae for biofuel production depends on the efficiency of the biomass
processing, of which the drying process is costly and should be eliminated. This study
confirmed that fresh biomass could be directly used for acidic and enzymatic hydrolysis,
which produced 88.5% and 75% of glucose yields, respectively. The glucose yields were



Fermentation 2023, 9, 284 13 of 15

comparable to those of the freeze-dried biomass, and they were higher than those of the
oven-dried biomass. The results suggest that the energy-intensive pretreatment is not nec-
essary for the conversion of microalgal biomass to fermentable glucose. However, to obtain
ideal glucose yields, a relatively higher acid concentration (e.g., 2%) is needed. Compara-
tively, with enzymes, only amylase and amyloglucosidase were effective, which indicates
the potential for similar applications with starchy materials. The enzymatic hydrolysate of
the fresh microalgal biomass was successfully applied for biobutanol fermentation, and the
butanol and ABE yields were comparable to those of liquidized starch. However, there is
space to further increase the biobutanol production by increasing the initial glucose content
of the fermentation. Thus, improving the hydrolysis efficiency of high biomass loading
could increase the feasibility of using fresh microalgal biomasses for biofuel production.
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