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Abstract
Marine algae are promising third-generation feedstocks for bioethanol production as they are fast growing, require minimal
inputs, and do not compete for land. However, marine algae have complex cell walls which necessitate pretreatment prior to
fermentation, and this represents a major component of the cost of bioethanol production. Standard pretreatment processes using
acids are costly and generate hazardous waste streams. This study aims to develop an economic and environmentally friendly
pretreatment process using ozonolysis for the marine algae Kappaphycus alvarezii and Gelidium amansii. Acid and ozone
pretreatments were compared across the pretreatment, enzyme hydrolysis, and fermentation stages of bioethanol production.
Acid pretreatment outperformed ozonolysis over the pretreatment and enzyme hydrolysis stages. However, it also generated as
by-products the compounds 5-hydroxymethyl furfural (5-HMF) and levulinic acid (LA), which inhibited ethanol fermentation
and reduced the efficiency of the process overall. Ozone pretreatment did not produce these inhibitory compounds, and as such
outperformed acid pretreatment across the process as a whole. These results indicate the potential of ozonolysis as an economic
and environmentally friendly pretreatment for the production of bioethanol from marine algae.
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Introduction

Bioethanol is a promising alternative to fossil fuels due to its
capacity for sustainable and environmentally friendly produc-
tion [1, 2]. Seaweed (macroalgae) is a promising third-
generation feedstock for bioethanol production, because

unlike first- and second-generation feedstocks, it does not
compete for land or freshwater resources [3]. Many seaweeds
have high carbohydrate contents and rapid growth rates, mak-
ing them a potentially sustainable bioethanol feedstock [3, 4].
Macroalgae are grouped into three types: Rhodophyceae (red
seaweed) , Phaeophyceae (brown seaweed) , and
Chlorophyceae (green seaweed) [5]. Of these, red seaweeds
are the most widely commercially cultivated in the world be-
cause of their high productivity and rapid growth [6, 7]. In
2017, red seaweeds accounted for 46% of the $11 billion
global seaweed market [8]. Indonesia produces 56% of the
global supply of red seaweed by weight [8], with 70,000
households depending on small-scale seaweed production
for their livelihoods [9, 10]. This seaweed is primarily used
to produce carrageenan and agar, both inputs for food
manufacturing [9]. Production of these red algae offers sub-
stantial socio-economic benefits to small farmers [11], who in
Indonesia typically earn around $5000 per year from this ac-
tivity [11, 12]. However, farmers are vulnerable to price fluc-
tuations and this can have severe implications for local liveli-
hoods [13]. Diversifying options for processing red seaweed
domestically, such as through bioethanol production, therefore
promises benefits for poverty reduction in Indonesia, as well
as being a potentially sustainable method of bioethanol
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production. Two species of red seaweed are of particular in-
terest in this context. Kappaphycus alvarezii represents 15%
of the global red seaweed market value [8] and is one of the
main carrageenophyte species produced in Indonesia [13].
Gelidium amansii grows wild in Indonesian waters and is
commonly used for agar production [14], and may be a prom-
ising new species for commercial cultivation.

Production of bioethanol from algae biomass is undertaken
in three stages: pretreatment of algal biomass, hydrolysis of
sugar polymers, and fermentation of the derived sugars into
ethanol [15]. Pretreatment of algae is required to break the
polysaccharides down to monosaccharides [16]. The carbohy-
drate polymer of K. alvarezii is D-galactose, while G. amansii
contains both D-galactose and L-galactose [17, 18]. Thus both
D-type and L-type carbohydrates are used as a carbon source
of the yeast for ethanol production. Pretreatment breaks down
the complex cell wall structure of algae to facilitate the con-
version of cellular carbohydrates to glucose [19] and is a ma-
jor cost of production, typically representing up to 20% of the
total cost of bioethanol production [20]. Therefore, develop-
ment of effective low-cost pretreatment options is an impor-
tant priority for improving the cost effectiveness of these
processes.

Avariety of pretreatment processes are available, including
alkali, acid, enzyme, microwave, and hydrothermal pretreat-
ments [3, 21]. Of these, acid pretreatment is most commonly
used to improve accessibility to cell wall degrading enzymes
[14, 22]. This method involves the use of acids as catalysts for
chemical pretreatment and the use of enzymes for enzymatic
hydrolysis [23]. However, acid pretreatment has several dis-
advantages, including high temperature reaction conditions
and the production of inhibitors, such as 5-hydroxymethyl
furfural (5-HMF) and levulinic acid (LA), that interfere with
the fermentation process [24, 25]. Removal of 5-HMF and LA
requires additional treatment, generating additional costs
[26–28]; a pretreatment method that avoids producing these
components is therefore desirable.

Ozone pretreatment involves the use of ozone to oxidize,
solubilize, and degrade the cell wall. It generates pretreated
algae with excellent characteristics for hydrolysis, such as a
lack of inhibitory compounds, the generation mainly of weak
carboxylic acids, limited effects on sugar polymers, and selec-
tive degradation of lignins [20, 29]. Ozone pretreatment may
also be undertaken at a lower operational cost as it is under-
taken at ambient temperature and pressure [20]. Ozone is
widely used for disinfection purposes due to its destructive
effect on cell walls [20]. However, its application as pretreat-
ment strategy for bioethanol production has been limited to
only a few studies [30] and although ozone pretreatment has
been used on algae in other processes [31], to date no studies
have explored the effectiveness of ozonolysis as a pretreat-
ment strategy in bioethanol production. This study addresses
this gap by investigating the feasibility of ozonolysis as a low-

cost pretreatment strategy for the red algae K. alvarezii and
G. amansii, through comparison with a commonly used acid
pretreatment method. The study integrates analysis of the full
fermentation process, including pretreatment, enzymatic hy-
drolysis, and fermentation, in order to produce a more holistic
comparison of acid and ozone pretreatments than is afforded
by a focus on pretreatment alone. The algae is first pretreated
with algae or ozonolysis, and the production of the common
fermentation inhibitors 5-HMF and LA evaluated, as these
compounds negatively affect cell growth and ethanol fermen-
tation [32, 33]. The obtained sugar hydrolysates were then
fermented using commercial yeast, Saccharomyces
cerevisiae. Each pretreatment strategy was optimized at the
pretreatment, enzyme hydrolysis, and fermentation stages.
The performance of these two pretreatment strategies across
the optimized bioethanol production processes was evaluated.

Materials and Methods

Raw Materials

Samples of the marine algae K. alvarezii and G. amansii were
purchased from Seaweed Research Unit of Hasanuddin
University, Indonesia. Algal biomass was washed in water
several times to remove salts. The clean algae were then dried
for 48 h at 60 °C. Dry algae were ground to an average size of
100 mesh using a laboratory mill. The carbohydrate content of
the algal biomass was characterized using phenol sulfuric acid
[17]. The total carbohydrate of K. alvarezii and G. amansii
was 67.08% and 59.13%, respectively.

S. cerevisiae used in this study was S. cerevisiae InaCC
Y614 obtained from Indonesian Culture Collection (InaCC).
S. cerevisiae was cultured on SDA (Sabouraud Dextrose
Agar) medium at 30 °C for 48 h.

Pretreatment

The algal cell wall structure was disrupted using two pretreat-
ment methods (ozonolysis and acid pretreatment) prior to en-
zymatic hydrolysis. The polysaccharides which were obtained
through pretreatment were then converted into monosaccha-
rides through enzyme hydrolysis.

Ozone Pretreatment

Ozone pretreatment was performed in a glass column reactor
with working volume 300 mL. The reaction was performed at
30 °C and 150 rpm, at a range of algae concentrations (1%,
2%, 3%, 4%, and 5%) diluted with distilled water at a ratio of
1:10 (w/v), and stirred throughout the treatment using a mag-
netic stirrer. The column was then exposed to the ozone gas
stream that was produced by ozone generator (Sander 301).
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The ozone generator was fed with industrial grade oxygen.
The ozone concentration in the gas current was kept at
400 mg O3 L

−1 and gas flow rate was maintained constant at
0.5 L min−1 with varied reaction time (0, 30, 60, 90, and
120 min).

Acid Pretreatment

Acid hydrolysis process was performed at 100 °C using sul-
furic acid (H2SO4). The reaction was performed in an auto-
clave with 100-mL tubes (working volume 50 mL). The pa-
rameters selected for optimization in the acid hydrolysis ex-
periments were (1) reaction time (0, 30, 60, 90, and 120 min),
(2) substrate concentrations (1%, 2%, 3%, 4%, and 5%), and
(3) acid concentrations (0.00 M, 0.05 M, 0.10 M, 0.15 M,
0.20 M, and 0.25 M). After the reaction, NaOH was added
to neutralize the material. After the neutralization process, the
algal solution was separated from the liquid by centrifugation
at 9000 rpm for 10 min at 4 °C, before filtration was under-
taken. The liquid fraction was then collected to determine the
total sugar and reducing sugar yields.

Enzymatic Hydrolysis

Pretreated algal biomass was used for enzyme hydrolysis
to convert the polysaccharides produced in pretreatment
into monosaccharides. Enzymatic hydrolysis of pretreated
algal biomass was carried out using commercial enzymes
(Cellic CTec2; Novozymes, Denmark). The enzyme activ-
ity used in this study was 100 FPU/g (measured in our
laboratory). The enzymatic hydrolysis was performed in
100 mL tubes with 50 mL of working volume. The pH in
the reactors was adjusted to a pH of 5.0 using Na-citrate
buffer. The amount of enzyme was 100 KNU with a con-
stant algal biomass of 5 g for enzymatic hydrolysis. The
reaction time of the enzymatic hydrolysis process was
48 h at 30 °C. After hydrolysis, the algal solution was
separated from the liquid by centrifugation at 9000 rpm
for 10 min at 4 °C followed by filtration. The liquid frac-
tion was then collected to determine the total sugar and
reducing sugar yields.

Ethanol Fermentation

S. cerevisiae was employed in this ethanol fermentation
process. The algae hydrolysates obtained from ozone and
acid pretreatment followed by hydrolysis were used as
fermentation mediums for ethanol production. The etha-
nol fermentation experiments were performed in 100 mL
tubes with 50 mL of working volume. The parameters
selected for optimization in ethanol fermentation experi-
ments were fermentation time (0, 12, 24, 36, and 48 h).
The fermentation process was performed under anaerobic

conditions at 30 °C with agitation of 150 rpm. Anaerobic
conditions were obtained through gas stripping, undertak-
en by streaming hydrogen into the fermenter. The fermen-
ter was closed with a rubber stopper cover with a gas
valve and then was purged with gas hydrogen for 2 min.
The pH in the reactors was adjusted to a pH of 5.0 using
Na-citrate buffer. Cell biomass, sugar, and ethanol were
measured at the end of the fermentation treatment time.
Sacrificial tests were set up to measure the samples at
each time point.

Analytical

Sugar, 5-HMF, and LA Levels

In this study, sugars refer to the sum of glucose and galactose
contents of hydrolysates. Sugar, 5-HMF, and LA levels were
measured using the Agilent 1100 HPLC system (Agilent
Technologies, Santa Clara, CA, USA). The HPLC was fitted
with a refractive index detector, equipped with a Bio-Rad
Aminex HPX-87H column (300 × 7.8 mm). The column
was maintained at 65 °C with a flow of 0.6 mL/min of
5 mM H2SO4 mobile phase. The standards consisted of solu-
tions of glucose and galactose in a concentration range be-
tween 0.01 and 20 g/L, whereas standard solutions of 5-
HMF and LA in a concentration range between 0.01 and
10 g/L.

Ethanol Levels

Ethanol levels were measured using specific gravity and gas
chromatography methods using a Techcomp GC7900 fitted
with a thermal conductivity detector, TM-5 column, injector
at 250 °C oven at 80 °C and FID of 250 °C. The ethanol yield
(Yp/s) was calculated based on the actual ethanol production
and expressed as grams of ethanol per grams of sugar utilized
(g/g). The fermentation efficiency was calculated by the per-
cent ratio of the average ethanol production to the ethanol
theoretically produced (0.511 g ethanol/g sugar) in the bio-
chemical conversion of the sugars consumed.

Statistical Analysis

Ozone pretreatment, acid pretreatment, enzymatic hydro-
lysis, and ethanol fermentation were conducted in trip-
licate. The experimental data were statistically analyzed
by one-way analysis of variance (ANOVA) and Tukey
analysis using GraphPad Software (GraphPad Prism ver-
sion 8.2.1). Values were considered significant when p
value was < 0.05.
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Results and Discussion

Ozone Pretreatment

Effect of Substrate Concentration on Ozone Pretreatment

This study optimizes sugar yield production by ozone pre-
treatment, followed by enzymatic hydrolysis using substrate
concentrations of 1–5%. Figure 1 presents the formation of
sugar yields at 60 min of reaction time. Ozone pretreatment of
K. alvarezii resulted in up to a 3.2-fold increase in sugar yield
compared to that without ozone pretreatment. ForG. amansii,
a 6.8-fold increase was obtained. The high sugar yield of
K. alvarezii compared to G. amansii may be because of the

high carbohydrate content of K. alvarezii (67%) than
G. amansii (59%) [7, 17]. As Kim et al. [14] explain, the
carbohydrate content of substrates is the main factor control-
ling sugar yield in biomass pretreatment.

The highest sugar yield that was achieved at a substrate
concentration was 1%. Based on Tukey’s multiple comparison
test, the sugar yield of G. amansii at 1% of substrate concen-
tration was not significantly different (p > 0.05) compared to
2% of substrate concentration. In contrast, the sugar yield of
K. alvarezii decreased significantly when substrate concentra-
tion was increased to 2%. This difference is likely due to a
higher viscosity of the solid contents of K. alvarezii compared
to G. amansii. The higher viscosity reduces the rate of pene-
tration of ozone and of enzymatic hydrolysis. The
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1272 Bioenerg. Res. (2020) 13:1269–1279



carbohydrate polymer of K. alvarezii consists mainly of car-
rageenan, while G. amansii consists mainly of agar [7, 17].
The major repeating unit of carrageenan is carrabiose, which
is composed of β-D-galactose-4-sulfate-β-1,4–3,6-anhydro-
D-galactose-2-sulfate, while the major repeating unit of agar
is agarobiose, which is a disaccharide composed of 1,3-
linked-D-galactose and 1,4-linked 3,6-anhydrous-L-galactose
[18, 34]. The structure of carrageenan gel is harder than agar,
so it requires higher dilution and harder to disrupt by
ozonolysis at higher substrate concentrations. This may be
the reason why the sugar yield of K. alvarezii was decreased
significantly when substrate concentration was increased to
2%.

Sugar yields of K. alvarezii decreased slightly by 2.2%
when substrate concentration was increased from 2 to 3%,
whereas sugar yields of G. amansii sharply decreased by
25%. When substrate concentration was increased from 3 to
4%, sugar yields of K. alvarezii and G. amansii were sharply
decreased by 53% and 62%, respectively. In contrast, sugar
yields of K. alvarezii and G. amansii did not decline signifi-
cantly when substrate concentration was increased from 4 to
5%. This might be due to the high viscosity of the solid con-
tent of both K. alvarezii and G. amansii when substrate con-
centration was 4–5%. The high viscosity is attributed to resid-
ual biomass, which is predominantly in the form of complex
hydrocolloids [35]. The highest sugar yield was achieved at
1% of substrate concentration for K. alvarezii andG. amansii;
accordingly, this substrate concentration was applied for fur-
ther experiments in this study.

Effect of Reaction Time on Ozone Pretreatment

The effect of reaction time on ozone pretreatment from
K. alvarezii and G. amansii biomass at a substrate concentra-
tion of 1% is shown in Fig. 2. Sugar yields increased with
increasing reaction time. The sugar yield of K. alvarezii and
G. amansii sharply increased up to a 60- and 30-min reaction

time, respectively. As such a reaction time of 60 min was
selected to ensure both species reached equilibrium, with
K. alvarezii and G. amansii producing 0.52 g g−1 (g sugar g
dry algae−1) and 0.41 g g−1, respectively.

Based on the Tukey’s multiple comparison test, the reac-
tion extent of G. amansii at 30, 60, 90, and 120 min was not
significantly different (p > 0.05). Similarly, the reaction extent
of K. alvarezii at 60, 90, and 120 min was not significantly
different (p > 0.05). This indicates that ozone pretreatment
produces maximum sugars from G. amansii and K. alvarezii
at 30 and 60 min, respectively. Travaini et al. [20] reported
similar findings, noting that ozone only requires short reaction
times to react with olefinic, aromatic, and phenolic com-
pounds due to their electron density. Similarly, Bule et al.
[36] reported that ozone required only 30–60 h to generate
reactive hydroxyl radicals through the formation of a super-
oxide (the primarily formed radical), which reacted with car-
bohydrates resulting in the random cleavage of glycosidic
bonds, and hence led to enhanced hydrolysis of wheat straw,
resulting in sugar production increase of more than 50%.

Acid Pretreatment

Effect of Substrate Concentration on Acid Pretreatment

Acid pretreatment using H2SO4 followed by enzymatic hydro-
lysis was optimized using substrate concentrations of 1–5%,
reaction times of 0–120 min, and acid concentrations of 0.00–
0.25 M. Figure 3 presents sugar yields at different substrate
concentrations. Based on the Tukey’s multiple comparison
test, sugar yield of K. alvarezii and G. amansii at 4–5% of
substrate concentration was significantly different at 1–3% of
substrate concentration. The results indicate that sugar yields
decrease at higher algal concentrations, likely because the
high viscosity reduces the rate at which acid permeates the
material. The decreased sugar yield in acid pretreatment at
concentrations above 3% indicates that the acid could not
properly hydrolyze the substrate at a high substrate concentra-
tion. The efficiency of acid hydrolysis decreased because the
H+ ion concentration in the acid was not sufficient to hydro-
lyze high amounts of cellulosic materials. This is consistent
with the report of Abd-Rahim et al. [18], which states that
H2SO4 more efficiently hydrolyzes cellulose materials in sea-
weed. This makes it more suitable to hydrolyze carrageenan in
K. alvarezii.

Effect of Reaction Time on Acid Pretreatment

Figure 4 presents the effect of reaction time on acid pretreat-
ment at a substrate concentration of 1%. Based on Tukey’s
multiple comparison test, the sugar yield of K. alvarezii and
G. amansii at 30–120 min of substrate concentration was not
significantly different (p > 0.05). Equilibrium was reached for
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both K. alvarezii and G. amansii at 30 min of reaction time,
with sugar yields of 0.56 g g−1 (g sugar g dry algae−1) and
0.51 g g−1, respectively. These results are consistent with re-
ports by Kim et al. [14] that longer reaction time were inef-
fective in pretreatment as they led to the acceleration of sugar
degradation and increased energy and cost.

Effect of Acid Concentration on Acid Pretreatment

Figure 4 presents the effect of reaction time and acid concen-
tration on acid pretreatment at 1% of substrate concentration.
The highest sugar yields of K. alvarezii and G. amansii were
obtained with 30 min of reaction time and 0.15 M of acid
concentration, with sugar yields of 0.56 g g−1 (g sugar g dry

algae−1) and 0.51 g g−1, respectively. After 30 min, ethanol
yields increased with reaction time. This is consistent with
reports from Kim et al. [14] and Guarnieri et al. [37] that long
reaction times during acid pretreatment reduces the formation
of reducing sugars and produces more by-products such as
furfural or levulinic acid.

Sugar yields of K. alvarezii and G. amansii pretreated at
0.05 M acid concentration were 50% higher than non-
pretreated algae. Similarly, sugar yields of K. alvarezii and
G. amansii increased by 72% and 59% when acid concentra-
tion was increased from 0.05 to 0.10 M, respectively. In con-
trast, based on Tukey’s multiple comparison test, sugar yields
did not increase in a similar pattern from 0.10 to 0.25 M
(p > 0.05). Therefore, the most effective acid concentration

1 2 3 4 5

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

Substrate Concentration (%)

Su
ga

r 
Y

ie
ld

s 
(g

/g
)

Enzyme
Acid + Enzyme

1 2 3 4 5

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

Substrate Concentration (%)

Su
ga

r 
Y

ie
ld

s 
(g

/g
)

Enzyme
Acid + Enzyme

a)

b)

Fig. 3 Effect of substrate
concentration on acid
pretreatment. a K. alvarezii. b
G. amansii

1274 Bioenerg. Res. (2020) 13:1269–1279



was 0.10 M both in K. alvarezii and G. amansii. These results
are consistent with the study by Meineta et al. [17], which
reports that the increase in the concentration of acid affects
the formation of LA and 5-HMF, which is converted from
mono sugars.

According to Ge et al. [38], lower acid concentration is
desirable due to lower costs and reduced environmental im-
pacts. In addition, a higher acid concentration requires greater
amounts of the neutralizing agent, thereby increasing pretreat-
ment costs. It is therefore desirable to perform acid hydrolysis
at a lower concentration. The optimal acid concentration as
determined in this study (0.1M) half the concentration used in
other studies (0.2 M) [14, 39]. It therefore represents a

potential method for acid pretreatment of both K. alvarezii
andG. amansii because it is able to produce a high sugar yield
at a lower acid concentration.

Comparison of Ozone and Acid Pretreatment

The comparison of sugar production using different pretreat-
ment processes is summarized in Table 1. The highest sugar
production was achieved by ozone pretreatment followed by
enzymatic hydrolysis at 60 min of reaction time at 1% of
substrate concentration. The highest sugar production was
achieved by acid pretreatment at 30 min of reaction time,
1% of substrate concentration, and 0.10 M of acid
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concentration. These results showed that acid pretreatment of
K. alvarezii outperformed ozone pretreatment and led to a
7.69% increase in sugar yield. Similarly, acid pretreatment
of G. amansii also outperformed ozone pretreatment and led
to a 24.39% increase in sugar yield. Acid pretreatment yielded
more sugar and needed a shorter reaction time (30 min) than
ozone pretreatment (60 min). Although ozone pretreatment
requiredmore time than acid pretreatment, ozone pretreatment
is performed at a lower temperature (30 °C) than acid pretreat-
ment (100 °C), potentially reducing operational costs.

5-HMF and LA production was evaluated at optimized
pretreatment parameters for both ozone and acid pretreat-
ments. 5-HMF and LA have been reported as the most com-
mon inhibitors referenced for pretreatment processes [14].
Acid pretreatment of K. alvarezii and G. amansii produced
5-HMF at 0.0488 and 0.0511 g/g, respectively, and LA at
0.0102 and 0.0037 g/g, respectively. In contrast, ozone pre-
treatment did not produce 5-HMF and LA (Table 1). These
results are consistent with a previous report from Venegas
et al. [40] that acid pretreatment may lead to the decomposi-
tion of sugars into inhibitors of the fermentation process such
as 5-HMF and LA [40, 41]. As has been reported by Travaini
et al. [20], ozone pretreatment does not produce these inhibi-
tors using sugarcane as rawmaterials. Removal of 5-HMF and
LA requires additional treatments, thereby generating addi-
tional costs, adding complexity to the process and generating
additional waste products [14, 37, 41]. As such, ozone pre-
treatment may be economically viable despite its lower sugar
yields because it does not produce inhibitors, does not require
pH neutralization, and does not require cooling from high
temperatures. The opportunities for ozone pretreatment to be
developed as a lower-cost alternative should therefore be in-
vestigated in more detail to compare these processes at an
industrial scale.

Bioethanol Production

This study evaluated ethanol production using both ozone and
acid pretreatments. Figure 5 shows the formation of ethanol
using different pretreatment strategies. The results indicate
that ozone pretreatment substantially outperformed acid pre-
treatment, leading to a 1.7- and 1.4-fold increase in ethanol

yield for K. alvarezii and G. amansii, respectively. The in-
creased ethanol yield can be attributed to the lack of 5-HMF
and LA. These results indicate the advantage of ozone pre-
treatment over acid pretreatment for efficient conversion of
K. alvarezii and G. amansii to ethanol.

The fermentation efficiency was calculated as the ratio of
the actual and theoretically possible ethanol production
(0.511 g ethanol g sugar−1). A comparison of ethanol produc-
tion using different pretreatment processes (Table 2) shows
that the fermentation efficiency of ozone pretreatment is
higher than for acid pretreatment. This indicates that the ozone
pretreatment method was more effective than acid pretreat-
ment in ethanol production.

Ozone pretreatment followed by enzymatic hydrolysis pro-
duced 0.52 and 0.41 g sugar g dry algae−1 dry algae for
K. alvarezii and G. amansii, respectively. The resulting sugar
was converted into ethanol using S. cerevisiae with a fermen-
tation efficiency of 92% and 76%, respectively. The fermen-
tation efficiencies achieved in this study were higher than
those reported in other studies (Table 3).

The fermentation efficiency achieved in this study (92%
for K. alvarezii) was higher than previous studies for both
acid and enzyme pretreatment (maximum 65.36%).
Rahman et al. [13] reported a fermentation efficiency of
57.32% using Nannochloropsis sp. as a raw material using
acid hydrolysis (H2SO4 0.2 M) and with 48 h of

Table 1 Comparison of sugar
production using different
pretreatment processes

Pretreatment Algae Time

(min)

Substrate concentration (%) Sugar yield (g/g) 5-
HMF

(g/g)

LA

(g/g)

Ozone K. alvarezii 60 1 0.52 0 0

Ozone G. amansii 60 1 0.41 0 0

Acid K. alvarezii 30 1 0.56 0.0488 0.0102

Acid G. amansii 30 1 0.51 0.0511 0.0037
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fermentation time. Xia et al. [39] reported a fermentation
efficiency of 47.74% using Laminaria digitata as a raw
material and using acid hydrolysis (H2SO4 0.2 M) with
72 h of fermentation time. Jang et al. [43] reported a fer-
mentation efficiency of 65.36% using Saccharina japonica
as a raw material using acid hydrolysis (H2SO4 0.4 M) with
60 h of fermentation time. These higher fermentation effi-
ciencies reported in the present study could result from the
use of different algae species and application of different
pretreatment conditions.

The higher fermentation efficiency under ozone pretreat-
ment that was achieved in this study confirmed that ozone
pretreatment has a potential application in bioethanol produc-
tion. Ozone generates reactive hydroxyl radicals through the
formation of superoxide, which reacts with carbohydrate
resulting in random cleavage of glycosidic bonds [36].
Ozone pretreatment did not produce inhibitory compounds
such as HMF and LA, make it the resulting sugar more suit-
able for ethanol fermentation. 5-HMF and LA are formed
from the dehydration of hexoses during sugar degradation

Table 3 A comparative study of various pretreatment and fermentation processes for bioethanol production using algae biomass

Algae species Pretreatment Fermentation References

Pretreatment
method

Sugar
yield
(g sugar/g
biomass)

Microorganism Condition Fermentation
efficiency (%)

K. alvarezii Ozone
(400 mg O3 L

−1)
+ enzyme

0.52 Saccharomyces cerevisiae 48 h, 30 °C,
150 rpm

92.00 This study

K. alvarezii Acid
(H2SO4 0.1 M) +

enzyme

0.56 Saccharomyces cerevisiae 48 h, 30 °C,
150 rpm

33.00 This study

G. amansii Ozone
(400 mg O3 L

−1)
+ enzyme

0.41 Saccharomyces cerevisiae 48 h, 30 °C,
150 rpm

76.00 This study

G. amansii Acid
(H2SO4 0.1 M) +

enzyme

0.51 Saccharomyces cerevisiae 48 h, 30 °C,
150 rpm

31.00 This study

Nannochloropsis
sp.

Acid
(H2SO4 0.2 M)

0.13 Saccharomyces cerevisiae
(ATCC 245858)

48 h, 30 °C,
150 rpm

57.32 Rahman
et al. [42]

Laminaria
digitata

Acid
(H2SO4 2.5%,

0.2 M)

0.23 Saccharomyces cerevisiae 72 h, 37 °C,
30 rpm

47.74 Xia, et al.
[39]

Saccharina
japonica

Acid
(H2SO4, 0.4 M)

0.21 Mixed culture of Pichia angophorae,
Saccharomyces cerevisiae, Phacysolen
thannophylus

60 h, 30 °C,
200 rpm

65.36 Jang et al.
[43]

Ulva fasciata Enzymatic
(cellulase)

0.21 Saccharomyces cerevisiae MTCC180 48 h, 28 °C,
120 rpm

88.20 Trivedi et al.
[44]

Chlamydomonas
mexicana

Enzymatic
(cellulase)

0.44 Saccharomyces cerevisiae YPH499 30 °C, pH 5,
120 rpm,
72 h,

80.21 El-Dalatony
et al. [45]

Gelidium amansii Enzymatic
(cellulase)

0.50 Saccharomyces cerevisiae KCTC 7906 24 h, 37 °C 84.90 Kim et al.
[14]

Table 2 Comparison of ethanol
production using different
pretreatment processes

Pretreatment Algae Fermentation
time (h)

Ethanol yield
(g/g)

Yeast biomass
(g/L)

Fermentation
efficiency

(%)

Ozone K. alvarezii 48 0.47 8.09 92

Ozone G. amansii 48 0.39 7.82 76

Acid K. alvarezii 48 0.17 3.54 33

Acid G. amansii 48 0.16 3.28 31
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[17, 37]. These compounds inhibit yeast growth, thereby de-
creasing ethanol production [17]. These inhibitors work by
breaking down the yeast’s DNA and inhibiting protein syn-
thesis [14, 41]. The absence of these by-products ozone pre-
treatment means there is no inhibition of the DNA synthesis in
the yeast, leading to greater ethanol production during fermen-
tation than that observed for algae pretreated using the acid
method. This is supported by cell biomass data, which shows
that yeast cell biomass in acid pretreatment is up to 56% lower
compared to cell biomass in ozone pretreatment (Table 2).
This study therefore provides a new approach to third-
generation ethanol production through the combination of
ozone pretreatment followed by enzymatic hydrolysis and
ethanol fermentation.

Conclusion

K. alvarezii and G. amansii may be suitable materials for
third-generation bioethanol production, due to their ferment-
able sugar contents and high fermentation efficiency. Results
indicate that acid pretreatment, followed by enzymatic hydro-
lysis, produced a high amount of sugars compared to ozone
pretreatment. However, acid pretreatment also produced the
inhibitory compounds HMF and LA, which reduced the fer-
mentation efficiency of this process. In contrast, ozone pre-
treatment did not produce these inhibitory compounds, and as
a result generated higher ethanol yields after fermentation than
occurred after acid pretreatment. These results indicate the
potential of ozone pretreatment for low-cost, environmentally
sustainable bioethanol production from macroalgae.
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