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To develop a practical and cost-effective medium for

bioethanol production from the hydrolysate of seaweed

Sargassum sagamianum, we investigated the feasibility

and performance of bioethanol production in CSL (corn-

steep liquor)-containing medium, where yeast Pichia

stipitis was used and the repeated batch was carried out

in a surface-aerated fermentor. The optimal medium

replacement time during the repeated operation was

determined to be 36 h, and the surface aeration rates were

30 and 100 ml/min. Under these conditions, the repeated-

batch operation was successfully carried out for 6 runs

(216 h), in which the maximum bioethanol concentrations

reached about 11-12 g/l at each batch operation. These

results demonstrated that bioethanol production could be

carried out repeatedly and steadily for 216 h. In these

experiments, the total cumulative bioethanol production

was 57.9 g and 58.0 g when the surface aeration rates were

30 ml/min and 100 ml/min, respectively. In addition, the

bioethanol yields were 0.43 (about 84% of theoretical

value) and 0.44 (about 86% of theoretical value) when the

surface aeration rates were 30 ml/min and 100 ml/min,

respectively. CSL was successfully used as a medium

ingredient for the bioethanol production from the

hydrolysate of seaweed Sargassum sagamianum, indicating

that this medium may be practical and cost-effective for

bioethanol production.

Keywords: Corn-steep liquor, bioethanol, seaweed Sargassum
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Seaweed was recently identified as a potential alternative

renewable biomass for bioethanol production [4, 11, 29],

because bioethanol production from sugar/starch crops

through traditional production technologies and bioethanol

production from lignocellulosic biomass have inevitable

drawbacks such as unsustainable supply of crops, difficulty

in complete hydrolysis of polysaccharides, and low content

of fermentable sugar. Specifically, it has been suggested

that the seaweed Laminaria, Saccorhiza, and Alaria groups,

belonging to brown seaweed [1, 8, 9, 21], and Gelidium

amansii, belonging to red seaweed, can be used as potential

resources for bioconversion to ethanol [29, 33].

In our previous study [31], the hydrolysate of seaweed

Sargassum sagamianum (S. sagamianum) was shown to

consist mainly of some monosaccharides such as glucose,

xylose, fructose, and mannose. In addition, throughout

repeated-batch culture using the hydrolysate of seaweed

S. sagamianum, we demonstrated that the bioethanol

production process could be carried out repeatedly and

steadily in flask and fermentor cultures using Pichia stipitis

(P. stipitis). Thus, this approach is a practical strategy for

commercial bioethanol production from seaweed, where

the bioethanol production can be carried out in a surfaced-

aerated fermentor culture to convert C5 monosaccharides

(e.g., xylose) into bioethanol by finely controlling aeration

[31, 32]. Although this previous study was conducted in a

lab-scale fermentor, we found that bioethanol production

from the hydrolysate of seaweed S. sagamianum could be

reliably repeated when a surface-aerated fermentor was

used for microaeration. Thus, we expect that this process

will be applicable to larger scale bioethanol production.

However, in this previous study, YPH medium [yeast

extract (10 g/l) and peptone (20 g/l) were used for

bioethanol production from the hydrolysate of seaweed S.

sagamianum] [31, 32]. Unfortunately, yeast extract and
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peptone, which were used as a vitamin and N-source

source, respectively, are very expensive, particularly for

bioethanol production. Thus, alternative, low-cost ingredients

are needed for practical bioethanol production from the

hydrolysate of seaweed S. sagamianum. Therefore, in this

study, we investigated the potential of using corn-steep

liquor (CSL) as a substitute for yeast extract and peptone.

CSL is a by-product of corn wet-milling, and an important

constituent in microbial growth media as an excellent

source of organic nitrogen. In several previous studies,

CSL was investigated as a potential N-source in culture

medium for industrial applications [5, 13, 15, 16, 22, 24],

particularly for ethanol production [2, 12, 14, 19, 26-28].

In this study, repeated-batch operation in the surface-

aerated fermentor using P. stipitis was conducted as

previously described [30, 31] and we investigated whether

both the hydrolysate of seaweed and CSL could be used for

bioethanol production. Thus, the aim of this study was to

examine the feasibility and the performance of bioethanol

production from medium containing the hydrolysate of

seaweed S. sagamianum and CSL. The use of CSL as a

medium ingredient is expected to make bioethanol production

more practical and cost-effective.

The yeast strain used in this study was P. stipitis CBS

7126. The yeast extract and peptone were purchased from

Becton Dickinson and Co. (Sparks, MD, USA). CSL was

purchased from Corn Product Korea (Gyeonggi-Do, Republic

of Korea). Glucose, xylose, n-butanol, acetonitrile, and

sulfuric acid were from Daejung Chemical Co. (Gyeonggi-

Do, Republic of Korea). Phosphoric acid and ammonia

water were from Wako Chemical Co. (Osaka, Japan) and Junsei

Chemical Co. (Tokyo, Japan), respectively. Dinitrosalicylic

acid and α-naphtol were obtained from Samchun Chemical

Co. (Seoul, Republic of Korea) and Sigma-Aldrich (St.

Louis, MO, USA), respectively.

A high-temperature liquefying system (Ilshin, Republic

of Korea) was used to efficiently hydrolyze the seaweed

S. sagamianum [20]. In these experiments, 10 g of dry

seaweed S. sagamianum was added to 100 ml of distilled

water at 200oC and subjected to 15 MPa for 15 min. The

other conditions used during this process have been

previously described in detail [6, 31, 32]. The seed culture

was performed in a 250 ml Erlenmeyer flask with 50 ml of

YPD medium (yeast extract, 10 g/l; peptone, 20 g/l; glucose,

20 g/l) in a shaking incubator at 30oC and 150 rpm. The

fermentor culture was performed in a 2.5 l jar fermentor

(KoBiotech, Republic of Korea) with an initial working

volume of 880 ml, which was prepared by mixing 800 ml

of CSH medium [CSL, 20 ml/l; (NH4)2SO4, 1.2 g/l; KH2PO4,

2.4 g/l; and MgSO4·7H2O, 1.2 g/l were dissolved in the

hydrolysate of seaweed S. sagamianum] [17, 25] and 80 ml

of seed culture. During fermentation, the temperature, pH,

and agitation speed were maintained at 30oC, 5.0, and

200 rpm, respectively. In the repeated-batch culture, 800 ml

of culture broth was withdrawn every 36 or 48 h, and

800 ml of new CSH medium was added. The pH was

maintained by adding a solution of phosphoric acid [10%

(v/v)] or ammonia water, as necessary. Surface aeration

was carried out using silicon tubing (inside diameter =

3.1 mm). A tube (L = 6.7 cm) was inserted from the head

plate into the inner headspace of the fermentor vessel

(inside diameter = 14.2 cm). When agitation was not

carried out, the distance from the surface of the medium to

the end of the tubing was approximately 7 cm. The air

supply rate was finely controlled using an air-flow meter

(Cole-Parmer, USA).

Cell growth was assessed by measuring the optical

density at 600 nm using a spectrophotometer, total

reducing sugar was measured using the dinitrosalicylic

acid (DNS) method [3], and ethanol concentration was

measured by gas chromatography as described previously

[31, 32]. The monosaccharides were analyzed via thin-

layer chromatography (TLC) using a 20 × 10 cm Partisil

K5F (Whatman) as the TLC plate and acetonitrile solution

[acetonitrile:water = 85:15 (v/v)] as the mobile phase, with

a sample loading volume of 1.0 µl. To visualize the bands,

TLC plates were soaked in 0.5% α-naphtol and 5% H2SO4

in ethanol and then dried in an oven at 80oC for 15 min.

The amount of glucose and xylose in the culture broth

were quantitatively determined via TLC using the method

described by Robyt and Mukerjea [23]. Using this approach,

the intensity and density of the glucose, isomaltodextrin,

and maltodextrin on the TLC plate was the same based on

weight, and the density was linearly proportional to the

weight of the sugar compound. Glucose and xylose

standards were developed on the same TLC plate. The

bands in the scanned images were converted to peaks

using the AlphaEase FC software (Alpha Innotech, USA),

and their quantities were calculated from the standard

curves of glucose and xylose.

The hydrolysate of seaweed S. sagamianum consisted of

different monosaccharides including glucose [65.5 (%, wt)],

xylose [19.4 (%, wt)], fructose [7.4 (%, wt)], and mannose

[2.8 (%wt)] [31]. Fortunately, the monosaccharide content

in the polysaccharides of the hydrolysate of seaweed S.

sagamianum consisted of 85.0 (%, wt) glucose and xylose,

which can readily be converted to ethanol. In a previous

report, we investigated the effect of the medium replacement

time during the repeated-batch operation [31]. When YPH

medium was used, a medium replacement time of 48 h was

determined to be optimal for bioethanol production from

the hydrolysate of seaweed S. sagamianum. Since CSL

was used as a substitute for the yeast extract and peptone in

this study, the optimal replacement time for repeated-batch

operation was examined and compared with the optimal

time determined for the yeast extract and peptone (Fig. 1).

As shown in Fig. 1C and 1F, a medium replacement time

of 36 h was determined to be the optimal time for the CSH
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medium in terms of bioethanol production, which was

shorter than the 48 h previously determined for the YPH

medium [31]. Bioethanol production decreased after an

elapsed time of 36 h owing to bioethanol consumption by P.

stipitis (Fig. 1F). Therefore, a medium replacement time of

36 h was used in all subsequent experiments. In addition,

we found that when the CSH medium was used, the rates

of cell growth and sugar consumption increased when

compared with the rates obtained when YPH medium was

used. Furthermore, glucose and xylose were completely

consumed at the medium replacement times of 36 h and

48 h (Fig. 1B and 1E). Meanwhile, Amartey and Jeffries

[2] and Maddipati et al. [19] reported that the rates of cell

growth, carbon source consumption, and ethanol production

increased when CSL was used in the medium for ethanol

production. In addition, Hull et al. [10] demonstrated that

CSL consisted of carbohydrates, amino acids, polypeptides,

fatty acids, other organic compounds, hydrolytic enzymes,

trace metals, and inorganic ions. It was deduced that the

use of CSL in the medium probably led to increased rates

of cell growth, sugar consumption, and ethanol production,

and thereby shortened the medium replacement time.

Fig. 1. Effect of medium replacement time during repeated-batch operation. The medium was replaced every 36 (A, B, C) and 48 h (D,
E, F), respectively. 
Air was supplied into the headspace of the fermentor at a rate of 100 ml/min. (A, D) Reducing sugar concentration in the culture supernatant. (B, E) Glucose

(○) and xylose (●) concentrations in culture supernatant. (C, F) Bioethanol production. All measurements were conducted three times (n=3) using the

same sample, and the average and standard deviations were calculated.
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Maximum cell growth, when the medium replacement

time was 36 h and 48 h, ranged from 10-12 based on the

OD600 (optical density at 600 nm) (data not shown). In fact,

the CSH medium had a turbid and dark color owing to the

colors of the hydrolysate of seaweed S. sagamianum and

CSL. Therefore, the initial cell OD600 of the culture broth

was higher than the value of when peptone and yeast extract

were used. Although cell growth was monitored in this

experiment, the conventional growth curve pattern was not

observed and only an increase in the OD600 was observed.

Although no data are shown, two other kinds of media

were investigated for the preparation of a practical and

cost-effect medium for bioethanol production from the

hydrolysate of S. sagamianum. One was the medium

preparations that only consisted of the hydrolysate of S.

sagamianum, and the other medium preparation consisted

of both CSL and the hydrolysate of S. sagamianum.

However, these two media preparations were not adequate

for long-term bioethanol production, because bioethanol

production, cell growth, and sugar consumption gradually

Fig. 2. Repeated-batch fermentor cultures using a surface-aerated fermentor for bioethanol production. 
The medium was replaced every 36 h, and air was supplied into the headspace of the fermentor at a rate of 30 (A, B, and C) and 100 mL/min (D, E, and F).

(A, D) Reducing sugar concentration in the culture supernatant. (B, E) Glucose (○) and xylose (●) concentrations in culture supernatant. (C, F) Bioethanol

production. All measurements were conducted three times (n=3) using the same sample, and the average and standard deviations were calculated. The data

are partially quoted from our previous work [17].
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decreased after the second batch of the repeated-batch

operation. This occurred because CSL itself contained, to a

certain extent, the nutrient ingredients needed for cell

growth and bioethanol production, but was not sufficient

for efficient cell growth and bioethanol production. Therefore,

we decided to use the CSH medium in the repeated-batch

operation for bioethanol production from the hydrolysate

of S. sagamianum.

In our previous study, we investigated the optimal surface

aeration rate in the repeated-batch fermentor culture for

bioethanol production using the hydrolysate of seaweed S.

sagamianum [17]. The optimal surface aeration rates were

determined to be between 30 and 100 ml/min in a working

volume of 880 ml in a 2.5 l fermentor. In this section, we

investigated the performance of bioethanol production in

the repeated-batch fermentor at surface aeration rates

ranging from 30 to 100 ml/min in a working volume of

880 ml in a 2.5 l fermentor. A surface aeration rate of

100 ml/min corresponds to an oxygen transfer coefficient

of about 0.053 (min-1) [17]. This value was remarkably

lower than the value obtained when the shaking flask

culture was conducted. As shown in Fig. 2, surface

aeration rates of 30 and 100 ml/min were used during the

repeated-batch operation for 6 runs (216 h). In these

experiments, before medium replacement, the maximum

bioethanol concentrations were about 11-12 g/l (Fig. 2C

and 2F) and all monosaccharides including glucose and

xylose were completely consumed (Fig. 2B, 2E, and 3).

Glucose, xylose, fructose, and mannose were previously

identified as the major monosaccharides in the hydrolysate

of seaweed S. sagamianum [31]. Glucose was completely

consumed before 24 h, and xylose was completely consumed

after 36 h (Fig. 3). After this time, fructose and mannose

were only present in trace amounts. The maximum cell

growths shown in Fig. 2A and 2D were also about 10-12

as measured by OD600 (data not shown).

Throughout the repeated-batch culture using CSH medium,

we demonstrated that bioethanol production could be

carried out repeatedly and steadily for up to 216 h, where

the total cumulative bioethanol production (CEP) was 57.9

(g-ethanol) and 58.0 (g-ethanol) when the surface aeration

rates were 30 ml/min and 100 ml/min, respectively (Fig. 4A

and 4C). In addition, the CSC (cumulative sugar consumption)

and CEP were linearly related. Using this relationship, the

bioethanol yield could be calculated based on the sugar

consumed (Fig. 4B and 4D). The bioethanol yields were

calculated based on sugar levels using the DNS assay and

quantitative TLC analysis. The CSC, which was measured

using the DNS assay, and the TLC analysis produced very

similar values. However, the values determined by DNS

should be theoretically higher than those determined by

quantitative TLC analysis, since only glucose and xylose

were considered in the TLC analysis. However, as shown

in Fig. 4B and 4D, this was not observed, which may have

occurred if the DNS assay underestimated the CSC. The

bioethanol yields, which were calculated from the slopes

of Fig. 4B and 4D and were averaged with the values

determined from both the DNS assay and quantitative TLC

analysis, were 0.43 (about 84% of theoretical value) and

0.44 (about 86% of theoretical value) when the surface

aeration rates were 30 ml/min and 100 ml/min, respectively

(Fig. 4B and 4D). These two values were very close to

those reported in a previous study [31], in which the

bioethanol yield was determined to be approximately 0.43

based on quantitative TLC analyses of glucose and xylose.

Since the bioethanol yields in this study were determined

to be close to that reported in the previous report, it is

highly likely that the DNS assay underestimated the CSC

Fig. 3. TLCs of the culture supernatant of the repeated-batch fermentor culture shown in Fig. 2. 
G, X, F, and M indicate glucose, xylose, fructose, and mannose standards, respectively. Air was supplied into the headspace of the fermentor at a rate of 30

(A) and 100 ml/min (B). Numbers below the elapsed times indicate the consecutive run numbers in the repeated-batch fermentor culture. The data are

partially quoted from our previous work [17].
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value. This underestimation may have occurred if the

medium preparation using the hydrolysate of seaweed S.

sagamianum and CSL interfered with the DNS assay.

Although there have only been a limited number of

reports on bioethanol production from seaweed, in which

the bioethanol was produced from the hydrolysates of

microalgal biomass [7], Saccharina latissima [1], Laminaria

hyperborean [8], and brown algae [18], seaweed has recently

gained attention as a potential alternative bioenergy resource,

particularly for bioethanol. In this study, the repeated-batch

bioethanol production process was successfully achieved

using CSL as an organic N-source. The medium used for

the bioethanol production from the hydrolysate of seaweed

S. sagamianum consisted of CSL and some salts, and these

ingredients were dissolved in the hydrolysate of seaweed

S. sagamianum. Because CSL is a by-product of corn

processing, the medium preparation used in this study is a

potentially practical and cost-effective method for bioethanol

production. However, successful application of this medium

preparation must be tested on a commercial production

scale. In addition, in this study, we demonstrated that this

medium preparation worked well at an optimal surface

aeration rate for the bioethanol production from xylose.
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