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a  b  s  t  r  a  c  t

Utilization  of macroalgae  biomass  for bioethanol  production  appears  as  an  alternative  source  to  lignocel-
lulosic  materials.  In  this  study,  for the  first  time,  Amberlyst  (TM)-15  was  explored  as a  potential  catalyst
to hydrolyze  carbohydrates  from  Eucheuma  cottonii  extract  to simple  reducing  sugar  prior  to  fermenta-
tion  process.  Several  important  hydrolysis  parameters  were  studied  for process  optimization  including
catalyst  loading  (2–5%,  w/v),  reaction  temperature  (110–130 ◦C), reaction  time (0–2.5  h) and  biomass
eywords:
acroalgae
eterogeneous acid catalyst
ugars
ermentation

loading  (5.5–15.5%,  w/v).  Optimum  sugar  yield  of 39.7%  was  attained  based  on  the  following  optimum
conditions:  reaction  temperature  at 120 ◦C,  catalyst  loading  of 4%  (w/v), 12.5%  (w/v)  of  biomass  concentra-
tion  and  reaction  time  of  1.5 h. Fermentation  of the  hydrolysate  using  Saccharomyces  cerevisiae  produced
0.33  g/g  of  bioethanol  yield  with  an efficiency  of  65%.  The  strategy  of  combining  heterogeneous-catalyzed
hydrolysis  and  fermentation  with  S. cerevisiae  could  be a feasible  strategy  to  produce  bioethanol  from
hird-generation bioethanol macroalgae  biomass.

. Introduction

Focus on the use of biomass as an alternative energy feed-
tock to fossil fuels is intensifying in these recent years due to
ts significant role in reducing CO2 emissions to the atmosphere

hen combusted as fuel (Schmidt, Leduc, Dotzauer, Kindermann,
 Schmid, 2010). While development of fuels from biomass con-

inues apace, first-generation bioethanol derived from edible crops
ave come under serious controversy because of food versus

uel feud (Nigam & Singh, 2011). Second-generation bioethanol
hich is mainly derived from lignocellulosic biomass offers an

lternative option due to its abundant availability and do not
ompete with food production (Jegannathan, Chan, & Ravindra,
009). Nevertheless, problems in removing lignin from lignocel-

ulosic materials have impeded the commercialization potential of
his renewable source (Karthika, Arun, & Rekha, 2012; Zakzeski,
ruijnincx, Jongerius, & Weckhuysen, 2010). Thus, interest has
ow diverted to third-generation bioethanol which is derived

rom aquatic sources such as macroalgae (Ross, Jones, Kubacki,
 Bridgeman, 2008). Generally, macroalgae grows faster com-
ared to terrestrial crops and does not compete with agricultural

and area for mass cultivation. In addition, macroalgae con-
ains high carbohydrate content which is rich in polysaccharides
nd more importantly, does not contain lignin (Park et al.,

011).

The utilization of macroalgae as bioethanol feedstock is still
cattered in literature. Goh and Lee (2010) have reported that if

∗ Corresponding author. Tel.: +60 4 5996467; fax: +60 4 5941013.
E-mail address: chktlee@eng.usm.my (K.T. Lee).
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Eucheuma spp. is used as a feedstock for bioethanol production, the
estimated bioethanol yields could reach up to 110,000 tonnes annu-
ally. The carbohydrate is composed of the two monosaccharides:
d-galactose and 3,6-anhydro-galactose, 56.2% and 43.8%, respec-
tively (Lin, Tako, & Hongo, 2000). After hydrolysis process, these
monosaccharides are suitable to be used as substrate during fer-
mentation process for bioethanol production.

Up to now, the uses of enzyme and homogeneous acid-catalyst
have been reported for the hydrolysis of carbohydrates from var-
ious biomass to fermentable sugar (Monavari, Galbe, & Zacchi,
2011; Mussatto, Carneiro, Silva, Roberto, & Teixeira, 2011; Seguin,
Marinkovic, & Estrine, 2012). However, enzyme catalyzed pro-
cesses face several challenges such as difficulty in recovering the
enzyme from the products and requiring long hydrolysis time.
On the other hand, Meinita et al. (2011),  Jeong et al. (2012) and
Khambhaty et al. (2012) have reported bioethanol production from
Kappaphycus alvarezii (cottonii) using sulfuric acid as the catalyst.
Nevertheless, it was found that the homogeneous acid hydroly-
sis process also suffers from several problems such as formation
of large amount of hazardous compounds and the catalyst can-
not be recovered for subsequent use. Therefore, the need of easily
separable and reusable heterogeneous acid catalyst is considered
essential for the hydrolysis process, in term of economical and envi-
ronmental perspective. In order to ensure efficient process, the
heterogeneous catalysts should be water-tolerant (Busca, 2007),
have strong acidic sites and high surface area (Vigier & Jérôme,
2010). Recently, several studies have reported on the use of various

types of heterogeneous acid catalyst for the hydrolysis of disaccha-
rides (cellobiose and sucrose) with the aim to ascertain its activity
(Dwiatmoko, Choi, Suh, Suh, & Kung, 2010; Nasef, Saidi, & Senna,
2005).

dx.doi.org/10.1016/j.carbpol.2013.01.042
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
mailto:chktlee@eng.usm.my
dx.doi.org/10.1016/j.carbpol.2013.01.042
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Table 1
Properties of Amberlyst (TM)-15 catalyst.

Property Amberlyst (TM)-15

Surface area (m2/g) 34.85
Particle size (�m) 600–800
Capacity (meq/gm) 4.2
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Thus, the objective of this study is to develop a new method of
accharification for raw macroalgae extract using a strong acidic
eterogeneous catalyst, Amberlyst (TM)-15. Process variables such
s catalyst loading, temperature, biomass concentration and reac-
ion time were thoroughly optimized to attain the highest simple
ugar yield. Then, the simple sugar was further explored for possible
ioethanol production.

. Material and methods

.1. Raw materials and chemicals

Eucheuma cottonii which was used in all the experiments was
urchased from Futt Put Enterprise (north coast of Sabah, Malaysia).
he E. cottonii sample was washed with distilled water, dried at
0 ◦C, pulverized, and filtered with 300-mesh filters. The sample
btained was analyzed for proximate composition and kept in an air
ight container until being used for the preparation of macroalgae
xtract.

Amberlyst (TM)-15, Amberlyst (TM)-A21, Calcium hydrox-
de, standard d-galactose, d-glucose and Saccharomyces cerevisiae
YSC2, type II) were purchased from Sigma–Aldrich (USA). Sul-
uric acid, potassium dihydrogen phosphate and ethanol were
urchased from Fisher Scientific (UK). All reagents were of ana-

ytical grade. Table 1 shows the properties of Amberlyst (TM)-15
atalyst.

.2. Preparation of macroalgae extracts

120 g of dry E. cottonii (less than 300 mesh) was soaked in 4 L
ater for 30 min. Then, it was grounded to form pulp, followed by

oiling at 90 ◦C for 2 h. The hot extracts were filtered (45 �m mesh
ize), dried to a constant weight at 40 ◦C and pulverized.

.3. Proximate composition analysis

Crude protein content in E. cottonii was determined according to
Method 988.05) Association of Official Analysis Chemists (AOAC,
000). Crude fat was determined by the Soxhlet extraction method
Method 920.30) (AOAC, 2000). Ash content was determined by
eating the samples at 550 ◦C for 1 h. The total carbohydrate con-
ent of E. cottonii was determined according to a modified method
hat is based on the National Renewable Energy Laboratory (NREL,
olden, CO) analytical methods for biomass (Sluiter et al., 2008)
sing a two-step acid hydrolysis procedure. The sample was ini-
ially subjected through a primary 72% sulfuric acid hydrolysis,
ollowed by a secondary dilute-acid hydrolysis. The content of sugar
as quantified with high performance liquid chromatography.

.4. Hydrolysis of E. cottonii

.4.1. Heterogeneous-catalyzed hydrolysis

The heterogeneous-catalyzed hydrolysis process using

mberlyst (TM)-15 was investigated by varying different process
arameters: amount of Amberlyst (TM)-15 (2–5%, w/v), tempera-
ure (110–130 ◦C), biomass loading (solid/liquid ratio: 5.5–15.5%,
mers 94 (2013) 561– 566

w/v) and reaction time (0–2.5 h). The dried macroalgae extract was
subjected to distilled water to form different solid/liquid ratios.
The mixture was then mixed with different amount of Amberlyst
(TM)-15 and incubated at different temperature in an autoclave
reactor. Stirring speed for all experiments was maintained at
370 rpm while the internal pressure of the autoclave was  kept
constant at 10 bars. After a specific hydrolysis time, the samples
were cooled to room temperature and the residue was  separated
from the liquid by filtration using filter paper. For comparison,
instead of using macroalgae extracts, raw E. cottonii (s/l: 12.5)
without prior extract (Section 2.2) was directly subjected to
hydrolysis. The raw biomass was  directly treated with 4% (w/v)
Amberlyst (TM)-15 at 120 ◦C for 1.5 h. All experiments in the
current work were performed in triplicates, and the data reported
are the average of the three replications.

2.4.2. Homogeneously-catalyzed hydrolysis
The performance of the heterogeneous-catalyzed hydrolysis

was compared with conventional sulfuric acid hydrolysis. 12.5%
(w/v) macroalgae extract was treated with 0.2 M sulfuric acid at
120 ◦C for 1.5 h.

2.5. Neutralization of hydrolysate

The acidic hydrolysate was  neutralized with appropriate
amount of Amberlyst (TM)-A21 or lime until pH 6.3–6.8 was
attained. After neutralization, the hydrolysate was filtered and
being measured for sugar content and subsequently fermented for
ethanol production.

2.6. Bioethanol fermentation by yeast

S. cerevisiae was used for fermentation. The hydrolysate was
concentrated by rotary evaporator before transferring to a basal
medium which consist 0.175% (w/v) KH2PO4 at pH 5. The volumet-
ric ratio of hydrolysate to basal medium used was 1:2. The medium
was poured into a 250 mL  Erlenmeyer flask and was sterilized at
121 ◦C for 15 min. The mixture was  then incubated in a shaking
incubator at 34 ◦C with a shaking speed of 135 rpm for a total time of
144 h. 1.5 mL  of samples were withdrawn at different interval time
during fermentation and was  centrifuged at 10,000 × g for 10 min.
The supernatant obtained after centrifugation was then analyzed
for bioethanol and residual glucose and galactose content.

2.7. Analytical method

The sugar concentration was quantified with an Agilent series
1200 infinity high performance liquid chromatography (HP-LC)
system equipped with a 385-ELSD and a 300 mm×7.7 mm Hi-Plex
Ca column. The mobile phase used is deionized water at a flow rate
of 0.6 mL min−1 and injection volume of 20 �L. Purified nitrogen
was used as carrier gas (70 psi) for the detector. The spray cham-
ber temperature was  set at 40 ◦C whereas detector temperature
at 80 ◦C. Samples were diluted 100 times with deionized water
and filtered with 0.20 �m syringe filter (Nylon membrane, Fisher
Scientific) prior to HP-LC analysis. The presences of various com-
pounds in the sample were identified by comparing the retention
time of individual peaks with those of standard compounds (glu-
cose and galactose, Sigma). Calibration curve for different types of
sugars were obtained for quantitative analysis. The sugar yield was
calculated as:
Yield% =
Initial concentration (g/l) of substrate

× 100% (1)

Bioethanol concentration was quantified by gas chromatogra-
phy (GC) using a 5890 Series II chromatography equipped with
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Table 2
Composition of the macroalgae species Eucheuma cottonii.

Component Composition % (w/w)

Carbohydrate 35.2
Protein 2.2
Lipid 3.7
Ash 26.1
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the highest galactose yield of 27.7% was  attained. However, beyond
1.5 h, there is a slight drop in the yield of galactose. This is probably
caused by conversion of galactose to other chemicals such as HMF
or levulinic acid (Jeong & Park, 2010). For the hydrolysis conducted
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ame ionization detector (FID) (Hewlett Packard, Palo Alto, CA).
he column used was 2.0 m in length and 0.2 cm ID, 80/120 mesh
arbopack B-DA/4% Carbowax 20M (Supelco, USA). The operating
ondition was as follows: detector temperature of 225 ◦C; injec-
or temperature of 225 ◦C; oven temperature was  programmed
o increase from 100 (2.0 min) to 175 ◦C at 10◦CC min−1 For each
C analysis, 2 �L of sample was injected. Helium was  used as

he carrier gas while 0.5% (v/v) 2-pentanone was used as inter-
al standard. Bioethanol yield and percent theoretical yield were
alculated based on the following equations, respectively (Keating,
obinson, Bothast, Saddler, & Mansfield, 2004):

P/S = [EtOH]max

[Sugar]ini
(2)

%T = YP/S

0.51
× 100% (3)

here YP/S = ethanol yield (g/g), [EtOH]max = highest ethanol con-
entration achieved during fermentation (g/L), [Sugar]ini = total
nitial sugar concentration at onset of fermentation (g/L),
%T = percent theoretical yield (%), 0.51 is the maximum ethanol
ield per unit of hexose sugar from glycolytic fermentation (g/g),

 = product and S = substrate.
At least three samples were used in all analytical determina-

ions, and data are presented as the mean of three replicates.

. Results and discussion

.1. Raw material composition

Table 2 shows the composition of E. cottonii used in this study.
he carbohydrates content in the biomass is 35.2% (w/w), which
onsists of 25% (w/w) galactose and 10.2% (w/w)  glucose. The
emaining components are protein, lipid, ash, moisture, and other,
hich occurred to be 2.2%, 3.7%, 26.1%, 21.7% and 11.1%, respec-

ively.

.2. Hydrolysis of E. cottonii

.2.1. Effect of the catalyst loading
The effect of catalyst loading on hydrolysis of E. cottonii extract is

hown in Fig. 1. It can be seen that the yield of galactose generally
ncreases with time for all catalyst loading. This result indicated
hat Amberlyst (TM)-15 has the potential to hydrolyze galactans
xtracted from E. cottonii to galactose. The type of galactans in
. cottonii are mainly к-carrageenans that can be extracted using
ot water (Estevez, Ciancia, & Cerezo, 2004). The structure of к-
arrageenans was reported as alternating 3-linked �-d-galactose
-sulfate and 4-linked 3,6-anhydro-�-d-galactose units connected
hrough glycosidic linkages (Estevez, Ciancia, & Cerezo, 2000)
hich contains the basic unit of d-typed galactose that can be fer-
ented by yeast (Meinita et al., 2011). Fig. 1 also shows that higher
oading of Amberlyst (TM)-15 accelerates the hydrolysis rate of
acroalgae extract, which can be explained due to the increase in

he total number of available active catalytic sites for the reaction
Rinaldi, Meine, vomStein, Palkovits, & Schüth, 2010). The highest
Fig. 1. Effects of catalyst concentrations on the hydrolysis of seaweed extract in
the  presence of a heterogeneous catalyst Amberlyst (TM)-15. (Conditions: s/l ratio:
5.5%, reaction temperature 110 ◦C, reaction time: 0–2.5 h.)

galactose yield of 25.2% was  attained at a catalyst loading of 4%
(w/v). However, the galactose yield decreased when the amount
of catalyst loading was  increased beyond 4% (w/v). The reaction
produces a negative sugar output rate as degradation is evident.
This is because higher acid concentration might degrade the sugar
compounds and produce more by-product inhibitors such as 5-
hydroxy-methyl-furfural and organics acids (Park et al., 2011). In
order to further elucidate on the role of catalyst, hydrolysis was car-
ried out without catalyst, whereby no reducing sugar was detected
even after 2.5 h of reaction (Fig. 1). The results indicated that cat-
alyst plays a crucial role in hydrolyzing the galactans to galactose.
The mechanism which is widely accepted for the acid catalyzed
hydrolysis of carrageenan is based on the protonation of the gly-
cosidic oxygen. High temperature and acidic medium are reported
to promote hydrolysis of the acid-sensitive (1 → 3) glycosidic link-
ages (Khambhaty et al., 2012). 4% (w/v) of Amberlyst (TM)-15 was
chosen as the optimal catalyst loading.

3.2.2. Effect of the reaction temperature
The effect of reaction temperature was also investigated in this

study. According to Fig. 2, an increase in temperature from 110
to 120 ◦C resulted in a sharp increase in the formation of galac-
tose. This shows that temperature has a significant effect on the
hydrolysis yield of macroalgae extract. Higher temperature was
also reported to result in improved hydrolysis rate relative to low
temperature (Meinita, Hong, & Jeong, 2012). After 1.5 h at 120 ◦C,
Time  (h)

Fig. 2. Effect of reaction temperature on the hydrolysis of seaweed extract in the
presence of a heterogeneous catalyst, Amberlyst (TM)-15. (Conditions: s/l ratio:
5.5%, catalyst loading: 4%, w/v, reaction time: 0–2.5 h.)
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Fig. 3. Effect of biomass concentration on the hydrolysis of seaweed extract in
the presence of a heterogeneous catalyst, Amberlyst (TM)-15. (Conditions: reac-
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ion temperature: 120 ◦C, catalyst loading: 4%, w/v, reaction time: 0–2.5 h). (A)
olid/liquid ratio (5.5–15.5%). (B) Concentration (mg/mL) and yield (%) of galactose
fter 1.5 h.

t 130 ◦C, it can be seen that initially, at 0.5 h, the galactose yield
btained surpassed the yield obtained at 110 ◦C and 120 ◦C. How-
ver after 0.5 h, instead of increasing, the galactose yield was  found
o stabilize at 25% with a slight drop, then after. This result indicates
hat extended reaction time or high reaction temperature can cause

 negative effect on the galactose yield due to degradation of sugars
n hydrolysis reactions and formation of undesirable by-product
Harun & Danquah, 2011b). In addition, Amberlyst (TM)-15 may
lso be deactivated at higher hydrolysis temperature due to low
hermal stability of ion-exchange catalyst. Furthermore, high tem-
erature could also cause the reduction of catalyst surface area as
ell as the number of H+ active site (Morales, van Grieken, Martín,

 Martínez, 2010). Therefore, 120 ◦C was chosen as the optimum
ydrolysis temperature for this study.

.2.3. Effect of the biomass concentration
Fig. 3(A) shows the effect of different biomass concentrations

n the formation of galactose. When hydrolysis was conducted at
20 ◦C for 2.5 h, the galactose yield was found to increase gradu-
lly with an increase in biomass concentration up to 12.5% (w/v);
eyond that loading, there was reduction in galactose yield. This
esult is expected because, at fixed catalyst loading, increasing
iomass concentration resulted in more carbohydrate available for
ydrolysis. In order to facilitate a more meaningful result, the data

n Fig. 3(A) was used to plot the correlations between the concentra-
ion and yield of galactose to the weight ratio of biomass to catalyst
s shown in Fig. 3(B). This will allow the analysis on the effective
iomass to catalyst ratio so that suitable amount of biomass can
e used for fixed amount of catalyst. Note that biomass concentra-

ion of 5.5%, 7.5%, 10.5%, 12.5% and 15.5% correspond to 1.38, 1.88,
.63, 3.13 and 3.88 biomass/catalyst ratio, respectively. At 1.5 h, the
ighest galactose yield of 39.7% was obtained at 3.13 g biomass/g
atalyst ratio and the lowest yield of 27.7% was obtained at 1.38 g
mers 94 (2013) 561– 566

biomass/g catalyst ratio. The results can be explained by the total
amount of carbohydrates present in the biomass. Higher biomass
loading constituted higher carbohydrates content with more fer-
mentable sugars that can be hydrolyzed by the catalyst Amberlyst
(TM)-15 (Harun & Danquah, 2011a). One interesting observation
can be seen from Fig. 3(B). The gradient for the concentration of
galactose in the reaction mixture curve is much steeper than the
galactose yield. This indicates that with an increase in biomass
loading/biomass to catalyst ratio, the increase in galactose yield
is not as fast as the increase in the concentration of galactose in
the reaction mixture. This result reveals that there may  be a reten-
tion of sugars in the biomass due to higher hydrolysate viscosity
(Miranda, Passarinho, & Gouveia, 2012). From these results, it could
be concluded that the optimum conditions for hydrolysis of E. cot-
tonii extract were: 4% (w/v) of Amberlyst (TM)-15, 12.5% (w/v) of
biomass concentration, reaction temperature at 120 ◦C and reaction
time of 1.5 h.

3.3. Comparison with other hydrolysis methods

The effectiveness of Amberlyst (TM)-15 (a type of solid catalyst)
was compared to a more common type of catalyst, 0.2 M H2SO4
(liquid catalyst) in the hydrolysis of E. cottonii. The results of the
comparison as shown in Table 3 clearly indicate the superiority
of Amberlyst (TM)-15 as compared to H2SO4. For E. cottonii with
extract, the yield of galactose obtained using Amberlyst (39.7%)
was slightly higher than those using H2SO4 (34.6%). Recently,
Khambhaty et al. (2012) have reported the production of bioethanol
from E. cottonii extracts, in which the hydrolysis process was cat-
alyzed by 0.9 N sulfuric acid. The maximum reducing sugar yield
was merely 26.2% (Table 3). This comparison shows that Amberlyst
15 is a far more superior catalyst than sulfuric acid and has the
same activity as sulfuric acid. The acid resins were merely an acid-
ifier of the aqueous slurries, having a similar effect as an aqueous
solution of sulfuric acid (Rinaldi, Palkovits, & Schüth, 2008). In addi-
tion, Amberlyst (TM)-15 is more environmental friendly because it
can be easily separated from the products after hydrolysis process
and can be recycle use.

One additional experiment was  conducted using the optimum
condition obtained for E. cottonii extract but using the un-treated
macroalgae (fresh seaweed) and the results are shown in Table 3.
Based on the result attained in Table 3, the formation of reducing
sugars obtained from fresh E. cottonii (24.4%) was relatively lower
than that of E. cottonii extract (39.7%). This is because pre-extraction
of carrageenans from macroalgae can remove impurities that can
hinder the hydrolysis of galactans, thus facilitate hydrolysis process
and subsequently increase the sugar concentration. In addition to
that, fresh E. cottonii was also subjected to H2SO4 and as expected, a
lower yield of 20.6% was  obtained as shown in Table 3. All the results
show the superiority of Amberlyst (TM)-15 for the hydrolysis of E.
cottonii extract.

3.4. Neutralization

The hydrolysate obtained after hydrolysis of E. cottonii extract
needs to be neutralized before fermentation (Canilha, de Almeida e
Silva, & Solenzal, 2004). During the hydrolysis reaction, it does not
only de-polymerize the polysaccharide, but it also hydrolyzes the
sulfate group attached to the galactans. Thus, the concentration
of total dissolved solids in the hydrolysate before neutralization
is as high as 69,000 mg/L. In this study, the effectiveness of two
types of neutralization agent was tested; Amberlyst (TM)-A21 and

lime (Table 4). After neutralization, concentration of total dissolved
solids with Amberlyst (TM)-A21 and lime were 3280 mg/L and
7320 mg/L, respectively. Although the sulfate group could poten-
tially be neutralized by the addition of lime, however it resulted
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Table 3
Comparison with other hydrolysis methods of Eucheuma cottonii.

Raw material Reaction conditions Yield of
carbohydrates (%)

References

Temperature (◦C) Type of catalyst Catalyst
loading

Biomass
loading

Reaction time (h)

Heterogeneous acid catalyst
Seaweed extract 120 Amberlyst (TM)-15 4% (w/v) 12.5% (w/v) 1.5 39.7 This work
Fresh  seaweed 120 Amberlyst (TM)-15 4% (w/v) 12.5% (w/v) 1.5 24.4 This work

Homogeneous acid catalyst
Seaweed extract 120 H2SO4 0.2 M 12.5% 1.5 34.6 This work
Seaweed extract 100 H2SO4 0.9 N 5.0% 5 cycles

(1 cycle/h)
26.2 Khambhaty et al.

(2012)
Fresh seaweed 120 H2SO4 0.2 M 12.5% 1.5 20.6 This work

Table 4
Data on neutralization of acidic hydrolysate with Amberlyst-A21 and lime.

Sample TDS (ppm) Conductivity (mS) pH Sugar (mg/mL) Color of solution

137.9 0.80 19.0 Deep yellow
6.54 6.40 15.0 Yellowish

14.67 6.70 18.0 Brown
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Hydrolysate after treated with Amberlyst (TM)-A21 3280 

Hydrolysate after treated with lime 7320 

o the formation of inorganic salt. High concentration of salt in
he hydrolysate can hamper fermentation process (Khambhaty
t al., 2012). Thus an additional step is required to reduce the
evel of dissolved salts before fermentation. Instead, when using
mberlyst (TM)-A21 (a weak basic ion-exchange resins), the sulfate
roup is removed while leaving the sugar concentration relatively
naffected. The role of anion-exchange resins is to substitute the
ulfonic anions with hydroxyl ions that can lead toward neu-
ralization. In addition, treatment of the acidic hydrolysate with
on-exchange resin can be one of the most efficient methods for
emoving inhibiting compounds prior to fermentation (Nilvebrant,
eimann, Larsson, & Jönsson, 2001).

.5. Fermentation

The utilization rate of fermentable sugar toward bioethanol con-
entration was monitored during the fermentation process in order
o understand the relationship between both variables. As shown in
ig. 4, there were significant differences in the fermentation perfor-
ance with different inoculum levels. Bioethanol production rate

ncreases with increase in inoculum levels up to certain level and
he bioethanol production rate decreases beyond that level. The
owest yeast inoculum levels of 8 mg/mL  resulted in very low con-
umption of sugar resulted with a long lag phase which produces
ower bioethanol concentration of 3.48 mg/mL after 144 h. Higher
ioethanol production was obtained with an inoculums amount of
6.0 mg/mL. The bioethanol production rate in the early phase of
he culture was relatively slow but increased after 24 h and reached

 maximum after 72 h of fermentation. The increase in inoculum
evels increases bioethanol yield (65%) due to better utilization
f sugars and this results in extracellular bioethanol production
Nurgel, Erten, Canbaş , Cabaroğlu, & Selli, 2002). However, after

 certain point level, further increase in inoculum levels did not
mprove the bioethanol production (Fig. 4(C)). The high amount
f inoculums can adversely affect bioethanol production due to the
act that high inoculums level decreases the viability of yeast popu-
ation (Arifa Tahir, 2010). A decrease in bioethanol production was
bserved after exponential phase due to the depletion of galac-

ose in the fermentation broth. As a result, the produced bioethanol
cts as a carbon source and inevitably being consumed by yeast in
he same manner as the original simple sugar, thus decreasing the
ioethanol concentration during fermentation (Harun & Danquah,
011b).
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Fig. 4. The effect of different Saccharomyces cerevisiae inoculums amounts on
bioethanol production. (A) 8 mg/mL (B) 16 mg/mL (C) 24 mg/mL.
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. Conclusion

From the results, it could be concluded that E. cottonii could
e a potential feedstock for bioethanol production. Heterogeneous
atalyst Amberlyst (TM)-15 can act efficiently as solid acid cata-
yst in the hydrolysis of sugar. This simple but effective method
ould facilitate an energy-efficient and cost-effective conversion of
acroalgae biomass into bioethanol.
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