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In the last decade, studies that have focused on biodiesel production from algal bio-
mass have been replaced with bioethanol production from algae, because bioethanol pro-
duction from algae seems more promising when assessed on economic terms. Most 
coastal areas are covered with macroalgae, which are considered as a waste, and thus 
become a great problem for the municipality. Instead of their disposal, they can be alter-
natively utilized for bioethanol production. In this study, macroalgae located in the coast-
al regions of the Marmara Sea were collected and utilized for bioethanol production, and 
effects of the concentration of pre-treatment chemicals, pre-treatment temperature, and 
pre-treatment time on bioethanol yield were investigated. The highest bioethanol yields 
for dilute acid and alkaline pre-treatments were obtained under the conditions of 2 N 
sulfuric acid and 0.15 N potassium hydroxide solutions at the pre-treatment temperature 
of 100 °C and pre-treatment time of 60 minutes.
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Introduction

Starting with the oil crisis in the mid-1970s, 
finding new energy sources became a hot topic due 
to the increasing energy demand. In addition to this 
demand, effects of using petroleum-based fuels on 
the environment and global warming caused coun-
tries to take serious precautions in the last decade1. 
As an alternative for gasoline, bioethanol has gained 
much attention during this period since the use of 
biomass as feedstock provides sustainability.

Today, three different generations of feedstock 
are presented for bioethanol production. The 
first-generation feedstock comprises food materials 
with high carbohydrate content such as wheat, corn, 
and sugar beet2. However, increasing debate on 
food vs. fuel leads to utilization of waste lignocellu-
losic materials as second-generation feedstock for 
bioethanol production3. Despite contributing to 
waste management, difficulties in the pre-treatment 
process of lignocellulosic materials and its high cost 
show the need for alternative raw materials and im-
proved pre-treatment techniques. As third-genera-
tion biofuel feedstock, algal biomass has become 
very popular in biofuel production in the last de-
cade because of its simple structure, and high car-

bohydrate and lipid content4. Macroalgae often lo-
cated in coastal areas can be a good solution for 
both disposal of waste and economically viable 
bioethanol production. Although they resemble oth-
er plants by appearance, they are different from ter-
restrial plants by their features of morphological 
and physiological characters and chemical composi-
tions5,6. While microalgae mostly stand out as bio-
diesel feedstock with the ability of high lipid pro-
duction and photosynthetic efficiency, macroalgae 
are utilized for biogas or bioethanol production due 
to their high carbohydrate content7. In contrast to 
the structure of the microalgal biomass, macroalgae 
consist of substances such as carrageenan, lamina-
ran, mannitol, and alginate, which can be utilized in 
various sectors. Macroalgae are separated from mi-
croalgae and lignocellulosic material having low 
lipid content and less or no lignin in their structure3. 
Therefore, this simple structure simplifies the 
pre-treatment stage of the bioethanol production 
process8.

Macroalgae accumulations on coastal areas are 
an environmental problem. City councils in coastal 
areas are required to remove them to preserve their 
Blue Flag Beach category and maintain appropriate 
conditions for tourism9. Smetacek et al. reported 
that in 2011, the disposal of 100,000 t of Ulva from 
Brittany’s coasts was ordered to mitigate its impact 
on local tourism and the costs of disposal ranged 
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from US$ 10–150 per ton10. According to Maceiras 
et al., in Galicia, large amounts of macroalgae are 
collected along the coast, approximately 100,000 t 
per year, and most of them are treated as waste and 
thrown into landfills11.

For efficient bioethanol production, a pre-treat-
ment process is necessary. The objectives of an ef-
fective pre-treatment are obtaining fermentative 
carbohydrates directly or later by hydrolysis, pre-
venting the loss or degradation of obtained sugars, 
limiting the formation of toxic materials that inhibit 
ethanol production, reducing energy requirement of 
the process, and minimizing the production cost. 
Pre-treatment process contributes substantially to 
the cost of ethanol production. Although there is no 
technique that can be considered as the best option, 
research and development is carried out to improve 
the performance and reduce the cost. Pre-treatments 
can be divided into physical, chemical, physico-
chemical, and biological pre-treatments. These pro-
cesses are carried out according to the type of feed-
stock due to the composition of the raw material, 
which has different cellulose, hemicellulose, and 
lignin content. Among the pre-treatment methods, 
alkaline pre-treatment and acid pre-treatment are 
the most commonly preferred chemical pre-treat-
ment techniques. Alkaline pre-treatments are con-
ducted under low process temperature and pressure 
in comparison with other techniques. However, they 
have limited efficiency, which appears as a disad-
vantage. In addition, some alkalis can turn into 
non-recoverable salts, and solubility of hemicellulo-
ses and cellulose is low when compared with acid 
pre-treatment. In contrast, acid pre-treatments in-
crease the accessibility of cellulose for enzymatic 
digestion. Acid pre-treatments can be divided as 
dilute acid pre-treatments and concentrated acid 
pre-treatments. Using concentrated acid is a less 
preferred method because of the high amount of in-
hibiting products and corrosion of the equipment. 
Acid pre-treatment is already used for the pre-treat-
ment of lignocelluloses and first-generation feed-
stock such as corn. Although this method has some 
challenging problems, its efficiency in the conver-
sion of sugars to bioethanol has overcome its disad-
vantages12–15.

In this study, Ulva lactuca macroalgae were 
collected as waste from coastal regions of the Mar-
mara Sea. Dilute acid and alkaline pre-treatments 
were performed on algal biomass to compare their 
effects on bioethanol yield. Effects of the concen-
tration of pre-treatment chemicals, pre-treatment 
temperature, and pre-treatment time on bioethanol 
yields were also investigated, and cell disruption 
from chemical pre-treatments on the macroalgal 
biomass were observed.

Although there are various studies on bioetha-
nol production from algae, there is no study on the 
comparison of chemical pre-treatment methods for 
bioethanol production bioprocess from Ulva lactuca 
macroalgae collected from the coastal areas of the 
Marmara Sea. Considering the world’s renewable 
energy trends and waste valorization, presenting the 
feasibility of the pre-treatment methods for improv-
ing bioethanol production yield from macroalgal 
waste will provide original contributions to further 
studies and industrial bioprocess applications.

Material and methods

Materials

Ulva lactuca obtained from coastal regions of 
the Marmara Sea was used as algal feedstock. Sul-
furic acid (98 % concentrated) and potassium hy-
droxide pellets (KOH) were used for pre-treatments, 
and 96 % grade of ethanol was used for quantitative 
determination of bioethanol. Phenol and D-glucose 
were used for determination of carbohydrate con-
tent. Luria-Bertani Broth (LB) medium was used 
for the yeast growth. All chemicals were supplied 
from Merck. Cellulase (C8546) and α-amylase 
(A4551) were supplied from Sigma-Aldrich to use 
in hydrolysis of macroalgal slurry for bioethanol 
production.

Preparation of raw material

U. lactuca samples were washed with tap water 
to remove impurities like sand, shellfish, and other 
materials, and then dried in an oven at 70 °C for 24 h. 
Dried samples were ground to improve the pre-treat-
ment efficiency, and stored in a clean air-tight con-
tainer.

Chemical pre-treatments

In order to investigate the effects of chemical 
pre-treatments on bioethanol yield, algal biomass 
was subjected to dilute acid and alkaline pre-treat-
ment in flasks. To see the effects of pre-treatment 
chemical concentration, pre-treatment temperature, 
and time on bioethanol production from U. lactuca 
clearly, experimental parameters were chosen ac-
cording to the literature studies. Macroalgal bio-
mass was pre-treated with 0.5 N, 1 N, 2 N, 3 N, and 
5 N H2SO4 at 100 °C for 60 minutes. Alkaline 
pre-treatments were carried out with 0.1 N, 0.15 N, 
0.2 N, 0.25 N, and 0.35 N KOH at 100 °C for 60 
minutes. To investigate the effect of pre-treatment 
temperature and pre-treatment time on bioethanol 
yield, experiments were conducted at 80 °C, 100 °C, 
120 °C, and 140 °C in an oven for 15, 30, and 60 
minutes, respectively. Macroalgal slurry after the 
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pre-treatment was cooled to room temperature. The 
liquid from pre-treatment was neutralized before 
fermentation. The pH was maintained at 4.8 by al-
kaline/acid solutions.

After determining the most effective factors for 
pre-treatment of macroalgal waste, enzymatic hy-
drolysis of macroalgal slurry was also applied after 
chemical pre-treatment. Enzymatic hydrolysis was 
carried out with cellulase and α-amylase enzymes 
for 24 h at 45 °C rotated at 150 rpm in an incubator. 
Enzyme loadings were 2 mg enzyme g–1 algae dry 
matter.

Fermentation

Saccharomyces cerevisiae (YSC1, type I baker’s 
yeast) supplied from Sigma-Aldrich, was chosen for 
the fermentation process of bioethanol production. 
The yeast was cultured in Luria Broth medium 
maintained at pH 4.8 by 1 M citrate solution. Yeast 
suspension was aseptically transferred to 150 mL of 
sterilized LB medium, and cultured in an incubator 
set to 150 rpm at temperature of 30 °C for 24 h, and 
3 % (v/v) of Saccharomyces cerevisiae was inocu-
lated to the working medium. Fermentation was 
carried out in Erlenmeyer flasks, which were placed 
in a shaking incubator set to 150 rpm at temperature 
of 40 °C for 48 hours. Aliquots of 5 mL were taken 
to determine the concentration of ethanol by gas 
chromatography (GC) analysis.

Analytical methods

Phenol-sulfuric acid method was used to ana-
lyze sugar concentration of macroalgae16. Lipid 
analysis and protein analysis were carried out with 
Soxhlet Ethanol Extraction and Lowry methods, re-
spectively17. Proximate analysis of macroalgae was 
also performed according to ASTM-E 1755-01 and 
ASTM-D E872-82 standards. Properties of U. lac-
tuca are given in Table 1.

In order to analyze the concentration of mac-
roalgal bioethanol, GC was used. Analyses were 
performed with YL Instruments 6100 GC consisting 
of a flame ion detector (FID) and ZB-FFAP column, 
30 m x 0.32 mm x 0.25 µm ID. The injector, de

tector, and oven temperatures were maintained at 
150 °C, 200 °C, and 100 °C respectively. Hydrogen 
was used as the carrier gas. Samples were filtered 
with 0.45 µm filters to prevent any damage to col-
umn before the analysis. The bioethanol concentra-
tion was quantified using a calibration curve pre-
pared by injecting different concentrations of 
commercial ethanol as standard (0.1–10 %, v/v). 
Bioethanol yields were calculated based on dry 
matter. Data are presented as the mean of double 
replicates; the mean and standard deviation of the 
data are given in Figs. 1–4.

Results and discussion

Effect of acid and alkaline concentration  
on bioethanol yield

In this study, in order to investigate the effect 
of concentrations of acid and alkaline used in 
pre-treatment process on bioethanol yield, the expe
riments were performed at temperature of 100 °C, 
pre-treatment time of 60 min under different H2SO4 
concentrations of 0.5 N, 1 N, 2 N, 3 N, and 5 N, and 
KOH concentrations of 0.1 N, 0.15 N, 0.2 N, 0.25 
N, and 0.35 N, respectively. Because of low lignin 
content, diluted solutions were prepared in order to 
make the conditions for the process as mild as pos-
sible. The results of these experiments are given in 
Figs. 1–2. It was observed that bioethanol yields of 
acid pre-treated algal biomass were in the range of 
2.31–6.19 % and 6.64–24.48 % after 24 h and 48 h, 
respectively. In contrast, bioethanol yields of alka-
line pre-treated algal biomass were in the range of 
1.22–2.01 % and 1.59–11.47 % after 24 h and 48 h, 
respectively. According to the results obtained from 
the experiments, increasing acid concentration led 
to an increase in bioethanol yield up to 2 N acid 
pre-treatment, while a decrease was observed when 
algal biomass was pre-treated with 3 N and 5 N 
H2SO4. The highest bioethanol concentration was 
obtained with 2 N H2SO4 pre-treatment.

It was assumed that increased acid concentra-
tion might have caused the formation of inhibiting 
products, such as acetic acid, formic acid, furfural, 
and hydroxymethylfurfural for fermentation pro-
cess. Harun et al. studied the effect of acid pre-treat-
ment process on microalgal biomass by applying 
1–10 % (v/v) acid pre-treatment, and it was found 
that the highest bioethanol yield was obtained from 
microalgal biomass with 1 % acid pre-treatment ap-
plication18. It was also reported that, even at low 
concentrations, toxic molecules such as furaldehyde, 
acetate, and hydroxymethylfuraldehyde, inhibit fer-
mentation of glucose via S. cerevisiae19. Miranda et 
al. investigated the effect of acid pre-treatment in 
the range of 0.05–10 N acid concentrations on 

Ta b l e  1 	–	Chemical composition and proximate analysis of 
U. lactuca

Component Content (%) Component Content (%)

Carbohydrates 63.1 Ash 13.6

Proteins 17.3 Moisture 12.3

Lipids 6.1 Volatile 
substance 67.4

Fixed carbon 6.4
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Scenedesmus obliquus microalgae, and obtained the 
highest bioethanol yield when 2 N acid pre-treat-
ment was used. They reported that acid pre-treat-
ments at concentrations higher than 2 N caused a 
decrease in bioethanol yields20. Larsson et al. also 
observed a decrease in bioethanol yield of soft 
wood with increasing concentrations of dilute acid 
pre-treatment, and found that the decrease occurred 
due to the formation of formic acid, which is a tox-
ic molecule for fermentation21.

Sudhakar et al. investigated bioethanol produc-
tion from spent seaweed biomass and performed 
hydrolysis of spent biomass with 0.1 %, 0.5 %, and 
1 % concentrations of sulfuric acid. High sugar 
yield was obtained with 0.5 % and 1 % sulfuric acid 
pre-treatment from brown seaweed spent biomass 
and red seaweed spent biomass, respectively22.

The highest bioethanol concentration was ob-
tained with 0.15 N KOH pre-treatment. In the liter-
ature, the highest bioethanol yield was achieved 
under the conditions of 0.75 % (w/v) NaOH 
pre-treatment12. Similar to the effect of increasing 
acid concentration, increasing alkaline concentra-
tion caused a decrease in bioethanol yield due to 
fermentation-inhibiting products after exceeding a 
certain concentration of alkaline pre-treatment23. 
Wang et al. reported that increasing concentration 
of alkaline pre-treatment caused a decrease in the 
sugar yields of coastal Bermuda grass24. Neverthe-
less, an increase in the glucose yield of switch grass 
was obtained with increasing concentrations of al-
kaline pre-treatment25. It could be that the different 
effects observed from alkaline pre-treatments of 
various raw materials are due to the complex struc-

F i g .  1 	–	 Bioethanol yields obtained from acid pre-treated macroalgae (pre-treatment tem-
perature: 100 °C, pre-treatment time: 60 min)

F i g .  2 	–	 Bioethanol yields obtained from alkaline pre-treated macroalgae (pre-treatment 
temperature: 100 °C, pre-treatment time: 60 min)
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tures of the raw materials. The results obtained from 
this study are in agreement with literature studies 
on bioethanol production given previously. Accord-
ing to the results of this study, it was found that acid 
pre-treatment was more efficient than alkaline 
pre-treatment for the production of bioethanol from 
algal biomass. Since the highest bioethanol concen-
tration was obtained with 2 N H2SO4 pre-treatment, 
an enzymatic hydrolysis was applied to see the dif-
ference of the bioethanol yield obtained from sam-
ples which were hydrolyzed with only acid and 
acid+enzyme. Bioethanol yields of the enzymatical-
ly hydrolyzed samples were determined as 8 % and 
32 % after 24 h and 48 h, respectively. This increase 
in bioethanol yield is in agreement with the litera-
ture studies. Wu et al. reported that the amount of 
released sugars of Gracilaria sp. increased from 
200 mg g–1 to 277 mg g–1 by applying acid/enzyme 
hydrolysis in comparison with only acid pre-treat-
ment experiment26.

Also in our study, we found that enzymatic hy-
drolysis after acid pre-treatment increased bioetha-
nol yield at lab-scale. Although a slight increase 
was observed with the enzymatic step, the use of 
enzyme in a large-scale production of bioethanol 
may not be preferred considering high enzyme price 
and extra process costs.

Effect of pre-treatment temperature  
on bioethanol yield

In order to investigate the effect of pre-treat-
ment temperature on bioethanol yield, acid pre-treat-
ment using 1 N and 5 N H2SO4 solutions, and alka-
line pre-treatment using 0.15 N and 0.25 N KOH 
solutions for 60 min at temperatures of 80 °C, 100 
°C, 120 °C, and 140 °C were performed. Since the 

effects of 0.5 N and 1 N H2SO4 solutions were quite 
similar, only 1 N H2SO4 solution was used. Data ob-
tained from these experiments are given in Fig. 3. 
An increase in bioethanol yield was observed in 
both 1 N and 5 N H2SO4 pre-treatments up to the 
temperature of 120 °C. However, the pre-treatments 
conducted at temperature of 140 °C caused a de-
crease in bioethanol yields. It could be said that 
bioethanol yields increased up to a certain tempera-
ture, and then decreased at conditions of high 
pre-treatment temperatures. The possible reason for 
this might be the fast disruption of structure and 
conversion of sugars to furan aldehydes18. In a study 
where Yarrowia lipolytica was used as biomass, 
acid pre-treatment with the ratios of 1:8, 1:10, 1:12, 
and 1:15 w/w was performed at temperatures be-
tween 90–150 °C for 60 min. It was reported that 
between the temperatures of 90–120 °C, an increase 
was observed in glucose yield, then a decrease oc-
curred in glucose yield27. In another study, maize 
was pre-treated with dilute acid at temperatures be-
tween 120–140 °C for 60 min. It was observed that 
the yield of monomeric sugars decreased at high 
temperatures28. It could be indicated that pre-treat-
ments conducted at 140 °C might have caused the 
degradation of sugars of macroalgal biomass to fu-
ran aldehydes in this study. Karimi and Karimi also 
reported that increasing pre-treatment temperatures 
can increase the HMF, furfural, and acetic acid con-
centrations in the liquid fraction when pre-treated 
with sulfuric acid29.

As shown in Fig. 3, bioethanol yield increased 
with the increasing temperatures up to 100 °C, and 
then a slight decrease was observed at the tempera-
ture of 120 °C after 0.25 N KOH pre-treatment. 
Conversely, bioethanol yield continued to increase 
up to 120 °C after 0.15 N KOH pre-treatment. In a 

F i g .  3 	–	 Effect of pre-treatment temperature on bioethanol yield (0.15 N and 0.25 N 
KOH, 1 N and 5 N H2SO4 , pre-treatment time: 60 min)
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study on bioethanol production from Chlorococcum 
infosionum, it was reported that bioethanol yields 
were obtained as 21.26 % and 23.37 %, at tempera-
tures of 80 °C and 120 °C for 60 min after pre-treat-
ment of 0.75 % (w/v) NaOH solution, respectively. 
On the other hand, bioethanol yield decreased with 
increasing pre-treatment temperature after pre-treat-
ment with 2 % (w/v) NaOH solution18. In conclu-
sion, the results in our study are in agreement with 
these studies on bioethanol production in the litera-
ture. It could be said that various ratios of different 
parameters can show synergetic effects and it is very 
difficult to assess one parameter independently30.

Effect of pre-treatment time on bioethanol yield

In order to investigate the effect of different 
pre-treatment times on bioethanol production, the 
pre-treatment process was carried out with 1 N and 
5 N H2SO4 solutions, and 0.15 N and 0.25 N KOH 
solutions at 100 °C, with the pre-treatment time of 
15, 30, and 60 minutes. Influence of various 
pre-treatment times on bioethanol yield is given in 
Fig. 4. As may be seen in Fig. 4, an increase in 
bioethanol yields was observed with increasing 
pre-treatment time for both 1 N and 5 N acid 
pre-treatments. In a study where Sargassum spp. 
microalgae was used under the conditions of 1–3 % 
H2SO4 acid pre-treatment applications between the 
reaction times of 10–110 minutes, increasing glu-
cose yields were observed31. In another study, corn-
cob was pre-treated with 1 % HCl solution for 20–
40 minutes at 100–130 °C. It was reported that 
increasing glucose yields were achieved with in-
creasing pre-treatment time32. It could be said that 

the results for pre-treatment time in our study are in 
agreement with the studies mentioned previously.

The highest bioethanol yields were obtained af-
ter 60 min and 15 min under the conditions of 0.15 
N and 0.25 N KOH pre-treatment, respectively. Al-
though the results of bioethanol yields were similar 
for 15–30 min of pre-treatments under the condi-
tions of 0.15 N KOH pre-treatment, it was observed 
that an increase occurred after 60 min. Neverthe-
less, bioethanol yield decreased after 15 min in the 
0.25 N KOH pre-treatment. Harun et al. reported 
that bioethanol yield increased from 12.88 % to 
21.26 % at the temperature of 80 °C with the 
pre-treatment time of 30 and 60 min after treatment 
with 0.75 % (w/v) NaOH solutions. However, a de-
crease from 26.13 % to 23.37 % was observed at 
the temperature of 120 °C under the same pre-treat-
ment time. Small increases and decreases were re-
ported at 80 °C and 120 °C for pre-treatment time 
of 30 and 60 min after the treatment of 2 % (w/v) 
NaOH solutions12. In the pre-treatment of switch 
grass, an increase was reported at 120 °C, for 15, 
30, and 60 min after the treatment of 0.5 %, 1 % 
and 2 % (w/v) NaOH solutions25. Based on these 
results, an increase after 60 min with the pre-treat-
ment of 0.15 N KOH was expected. Increase in 
bioethanol yields of switch grass has been reported 
with the increase in concentrations of chemicals and 
pre-treatment time due to it having a more complex 
structure than macroalgae. Nevertheless, due to the 
low lignin content of macroalgae, there is an excess 
degradation possibility for macroalgal biomass with 
the increase in concentrations of chemicals and at 
high pre-treatment temperatures, with a consequent 

F i g .  4 	–	 Effect of pre-treatment time on bioethanol yield (1 N and 5 N H2SO4 , 0.15 N and 
0.25 N KOH, pre-treatment temperature: 100 °C)
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reduction in bioethanol yield. Thus, it could be said 
that an increase in toxicity and a decrease in bioeth-
anol yield had occurred after the treatment of 0.25 
N KOH solution with increasing pre-treatment time.

Disruption of macroalgal biomass  
by chemical pre-treatments

The structural changes caused by various 
pre-treatments were observed using a light micro-
scope (Olympus 100x). Microscopic images of dis-
ruption before and after 0.15 N KOH pre-treatment 
and 2 N H2SO4 pre-treatment are presented in Fig. 
5. As may be seen in Fig. 5, the breakdown of mac-
roalgal cell walls was observed with alkaline 
pre-treatment. A change in the macroalgal cells col-
or was clearly observed in acid-pre-treated samples. 
This color change was caused by the interaction be-
tween sulfuric acid and cellulosic material of the 
macroalgae structure and acid caused disruption of 
cellulosic compounds. Although there are not many 
reports on the disruption of algal biomass, Harun et 
al. investigated the effects of chemical treatments 
on microalgal cells, and disruptions were observed 
clearly in the presented microscopic images, and 
confirmed that the chemical treatments broke the 
cell walls of algae12,18,33.

Conclusion

The macroalgal wastes that accumulate on the 
coastal areas are an environmental nuisance. These 
wastes are starchy materials that are a suitable sub-
strate for producing bioethanol. Although they are 
potential bioethanol feedstocks, bioethanol produc-
tion from untreated macroalgal wastes is inefficient. 
In this regard, pre-treatment methods were investi-
gated for bioethanol production from macroalgal 
wastes in this study. The highest bioethanol yield of 
11.47 % was obtained when alkaline pre-treatment 
was performed at 100 °C with 0.15 N KOH solution 
for 60 minutes. On the other hand, the highest 

bioethanol yield of 24.48 % was obtained when 
acid pre-treatment was performed at 100 °C with 2 N 
of sulfuric acid solution for 60 minutes, which was 
almost twice higher than alkaline pre-treatment.

Although research on algal biotechnology 
mainly focuses on algal biodiesel production, there 
is a growing interest in bioethanol production from 
algae. For years, algae have been evaluated for bio-
diesel production due to their high lipid content, but 
algal biomass is also a raw material for bioethanol 
production, because of its cellulosic structure with-
out the need for other applications. We showed the 
feasibility of these methods and the effect of differ-
ent parameters for improving bioethanol production 
yield from macroalgal biomass. Even though these 
methods are useful for bioethanol production from 
algae, as shown in the study, the enzymatic step 
may increase the bioethanol yield. Therefore, fur-
ther studies should be carried out to obtain econom-
ic production costs while achieving higher bioetha-
nol yields using enzymatic hydrolysis besides 
chemical pre-treatment.
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