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Abstract−Hydrothermal fractionation for micro-algae, Schizocytrium sp., was investigated to separate sugars, lipids, and

proteins. This fractionation process produced protein-rich solid cake and liquid hydrolysates, which contained oligo-

meric sugars and lipids. Oligomeric sugars and lipids were easily separated by liquid-liquid separation. Sugars in the

separated hydrolyzate were determined to be mainly D-glucose and L-galactose. Fractionation conditions were optimized

by response surface methodology (RSM). Optimal conditions were found to be 115.5 oC of reaction temperature, 46.7

min of reaction time, and 25% (w/w) of solid loading. The model predicted that maximum oligomeric sugar yield (based

on untreated micro-algae weight), which can be recovered by hydrothermal fractionation at the optimum conditions,

was 19.4 wt% (based on the total biomass weight). Experimental results were in agreement with the model prediction of

16.6 wt%. Production of bioethanol using micro-algae-induced glucan and E. coli KO11 was tested with SSF (simulta-

neous saccharification and fermentation), which resulted in 11.8 g-ethanol/l was produced from 25.7 g/l of glucose;

i.e. the theoretical maximum ethanol yield based on glucan in hydrolyzate was 89.8%.

Key words: Biofuel, Simultaneous Saccharification and Fermentation (SSF), Fractionation, KO11, Hot Water, Schizochytrium

sp.

INTRODUCTION

Energy consumption throughout the world has drastically increased

during the past several decades. Over 80% of our energy demands

are met by the combustion of fossil fuels such as oil, coal and natural

gas [1]. These fossil resources are finite, which will finally lead to

the predictable depletion of fossil resources in the near future. It

will also cause an accelerated increase of the carbon dioxide in the

atmosphere, which is one of the major green house gases.

Bioethanol produced from various renewable feedstocks such as

lignocellulosic biomass is currently considered as a clean and renew-

able energy, which is an ideal substitute for gasoline. Recent research

and development efforts have been focused on the commercializa-

tion of ethanol production and development of abundant and inex-

pensive renewable resources other than lignocellulosic biomass such

as crop residues and biomass waste [2-10], municipal solid wastes

[11-14], municipal sludge [15], and dairy and cattle manures [16].

In the past, micro-algae have been primarily considered as a feed-

stock to produce biodiesel [17-20] and to produce high-value prod-

uct such as docosahexaenoic acid (DHA) due to their high lipid con-

tent [21]. It was also reported that micro-algae have high a poten-

tial to produce bioethanol because they contain polysaccharides,

i.e., glucan and galactan [22,23].

Microalgae are unicellular algae which normally grow in sus-

pension within a body of water. Micro-algae have many advantages

as biofuel feedstocks; they have high growth rates, they can pro-

duce up to 300 times more oil per acre than conventional crops, such

as rapeseed, palms, soybeans, or Jatropha, and they have higher pho-

tosynthetic efficiency than other biomasses [24,25]. Matsumoto et al.

also reported micro-algae have the potential to be a better substrate

than lignocellulosic biomass [26].

Micro-algae consist of three major components: lipids/natural

oils, proteins and carbohydrates. The oil content of microalgae is

typically 20-50 wt% depending upon the species. It was observed

that nitrogen-deficient conditions resulted in higher carbohydrate

production and reduction of protein [21,27].

If micro-algae are easily fractionated to sugar and lipid compo-

nent for bioethanol or biodiesel production, and sugar or lipid produc-

tion is optimized, the utilization of micro-algae as a feedstock for

biofuel production can be maximized. Unfortunately, the previous

method for lipid extraction from micro-algae contains several toxic

chemicals and processing steps [28].

In this study, hydrothermal treatment was used to fractionate

Schizochytrium sp., which is currently being used for commercial

DHA production [29]. The hydrothermal pretreatment was carried

out to easily fractionate the micro-algae to the sugar and lipid phase.

A feasibility study of bioethanol fermentation using hot water frac-

tionated micro-algae was also performed. The production of sugar

for bioethanol fermentation from micro-algae was optimized by a

response surface methodology (RSM) based on the 23 factorial cen-

tral composite design (CCD).
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MATERIALS AND METHODS

1. Feedstock

Schizochytrium sp. was purchased in the form of a dried orange

powder from NOVUS (DHA Gold, St. Charles, MO, USA). The

compositional analysis of Schizochytrium sp. is presented in Table 1.

2. Enzyme and Microorganisms

Spezyme Xtra (Product Code A05347, Genencor International Inc.,

Rochester, NY, USA), and Distillase L400 (Product Code A060515,

Genencor International Inc., Rochester, NY, USA) were used for

enzymatic saccharification of Schizochytrium sp. The activity of

Spezyme Xtra was 14,000 α-amylase units (AAU)/g (one AAU

unit of α-amylase activity is defined as the amount of enzyme re-

quired to hydrolyze 10 mg of starch per minute under specified con-

ditions) and the activity of Distillase L400 was 350 glucoamylase

units (GAU)/g (one GAU unit is defined as the amount of enzyme

that will liberate one gram of reducing sugars, which is calculated

as the amount glucose per hour from soluble starch substrate under

the conditions of the assay).

E. coli KO11 was used for the ethanol fermentation. The strain

was grown on LB medium containing 40 mg/L chloramphenicol.

The cells were cultured in a shaking incubator at 37 oC and 150 rpm.

3. Experimental Setup and Operation for Hydrothermal Frac-

tionation

The reaction was performed in temperature-programmable GC

oven (Hewlett Packard 5890A, Agilent Technologies, Santa Clara,

CA, USA). The reactor (10 cm3 of internal volume) was constructed

out of 240 mm of stainless tubing with an ID of 23 mm. The reactor

Table 1. Composition of Schizocytrium sp. used in this study

Composition Value

Carbohydrate (wt%) 17.3

Glucan 10.8

Galactan 06.5

Lipid (wt%) 25.1

DHA 08.2

Fig. 1. Laboratory hydrothermal treatment reactor set up.

Table 2. Experimental design (conditions and responses) for hydrothermal fractionation

Run Temp. (oC), X1 Time (min), X2 Solid loading (%), X3 Total oligomeric sugar content (wt%), Y1

01 −1.00 090 −1.00 30 −1.00 10 16.33

02 +1.00 150 −1.00 30 −1.00 10 16.71

03 −1.00 090 +1.00 60 −1.00 10 16.50

04 +1.00 150 +1.00 60 −1.00 10 13.66

05 −1.00 090 −1.00 30 +1.00 20 17.60

06 +1.00 150 −1.00 30 +1.00 20 15.79

07 −1.00 090 +1.00 60 +1.00 20 17.33

08 +1.00 150 +1.00 60 +1.00 20 13.61

09 −2.00 060 −0.00 45 −0.00 15 16.10

10 +2.00 180 −0.00 45 −0.00 15 05.08

11 −0.00 120 −2.00 15 −0.00 15 16.20

12 −0.00 120 +2.00 75 −0.00 15 17.72

13 −0.00 120 −0.00 45 −2.00 05 16.24

14 −0.00 120 −0.00 45 +2.00 25 19.89

15 −0.00 120 −0.00 45 −0.00 15 16.85

16 −0.00 120 −0.00 45 −0.00 15 16.23

17 −0.00 120 −0.00 45 −0.00 15 18.85

18 −0.00 120 −0.00 45 −0.00 15 17.03

19 −0.00 120 −0.00 45 −0.00 15 21.62

20 −0.00 120 −0.00 45 −0.00 15 16.77

For statistical calculations, the relationship between the coded values and actual values are described as the following equation: xi=(Xi− X0)/

∆Xi, i=1, 2, 3, …..k 

where; xi is the dimensionless value of an independent variable; Xi is the real value of an independent variable; X0 is the real value of an indepen-

dent variable at the center point and ∆Xi is the step change of variable
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setup is shown in Fig. 1, and the reaction conditions are summa-

rized in Table 2.

For the hydrothermal fractionation experiment, the biomass sam-

ple was packed into the reactor according to the solid loading ratio.

The total packed volume was 80% of total reactor volume. The oven

was preheated for 15 min to reach the target temperature before each

experiment.

4. Response Surface Methodology

To produce oligomeric sugar from micro-algae, hydrothermal

fractionation conditions were optimized by RSM based on the 23

factorial central composite design. Twenty experiments were con-

ducted with three variables, and each variable varied at five levels

(α=2) for oligomeric sugar content. Oligomeric sugar content was

the response (dependent) variable. The reduced cubic polynomial

model was fitted for the oligomeric sugar content (Y), giving the

following Eq. (1):

Y=α0+α1X1+α2X2+α3X3+α11X1

2

+α22X2

2

+α33X3

2

+α12X1X2

Y=+α13X1X3+α23X2X3+α'12X
2

1X2+α'13X
2

1X3+α''12X1X
2

2 (1)

where X1, X2, and X3 represent coded levels of the independent

variables; α0 is intercept terms; α1, α2, and α3 are linear terms; α11,

α22, and α33 are quadric terms; α12, α13, α23, α'12, α'13, and α''12 are

interaction terms. The statistical analysis of the data was performed

using “Design Expert” software (version 7.1.1, Stat-Ease, Inc., Min-

neapolis, USA). The series of experiments designed and conducted

are shown in Table 2.

5. Partial Simultaneous Saccharification and Fermentation

A 250 mL Erlenmeyer flask was used as the bioreactor. It was

shaken in the incubator shaker at 37 oC at 150 rpm under anaerobic

condition. Hydrothermal fractionated liquid phase of micro-algae

was introduced in a reactor of 100 ml of working volume of liquid.

Raw micro-algae in which hydrothermal fractionation was not per-

formed were put through the same procedure as the control. The

loading of amylase enzyme (Spezyme Xtra) was approximately

13,000 AAU/g-glucan and, approximately 660 GAU/g-glucan of glu-

coamylase (Distillase L400). Enzymatic saccharification was per-

formed for 24 h and then E. coli KO11 was inoculated in the bio-

reactor for the bioethanol production. The ethanol yield in partial

SSF test was calculated as follows:

Theoretical maximum ethanol yield (%)

=(Ethanol produced (g) in reactor×100)

=/Initial sugar (g) in reactor×0.511

Note: Sugar is interpreted as glucose in the SSCF work.

6. Analytical Method

Sugars and ethanol were determined by HPLC using a Bio-Rad

Aminex HPX-87P and 87H columns and a refractive index detec-

tor. The total fat and fatty acid content were determined by the method

developed by Du et al. [28].

RESULTS AND DISCUSSION

1. Composition Analysis of Schizochytrium sp.

Table 1 shows the initial compositions of Schizochytrium sp. Car-

bohydrate components, which can be potentially converted to ethanol

by ethanol fermenting organisms, were determined by two methods:

enzymatic saccharification by amylase enzyme, and phenol sulfu-

ric acid method [30]. The phenol sulfuric acid method was used to

obtain a more accurate estimate of carbohydrate component. In both

of the methods, glucan and galactan were determined to be from

the carbohydrate of Schizochytrium sp., of which, 10.8 wt% of glu-

can and 0.6 wt% of galactan were determined by enzymatic sac-

charification. However, in case of phenol sulfuric acid methods,

7.2 wt% of glucan and 6.5 wt% of galactan were determined. The

difference of glucan content of the two methods was found to be

from the decomposition of sugar component by sulfuric acid. In the

case of galactan content, it was determined that the enzyme used in

the hydrolysis step did not contain galactanase activity. It should be

noted that although HPLC can analyze galactose, HPLC does not

identify L- and D- form of galactose. However, E. coli KO11 can

consume only D-galactose sugar; therefore, the L-galactose content

in the hydrolysate can be estimated by fermentation of hydrolysate

using E. coli KO11. The total carbohydrate content of Schizochytrium

sp. was approximately 17.3 wt% which included 10.8 wt% of glu-

can and 6.5 wt% of galactan. Our result indicated that the galactan

produced in our hydrothermal fractionation was assumed to be an

L (levo)-form galactose polymer since the L-galactose cannot be

used for ethanol fermentation by E. coli KO11. The carbohydrate

composition found in this study was similar to reported values of

Darley et al. [31]. They mentioned that the sugars of Schizochytrium

aggregatum are glucose and L-form galactose with the principal

sugar being L-form galactose. In addition to the carbohydrate com-

position, approximately 25.1 wt% of Schizochytrium sp. is com-

prised of lipid component, which can be used to produce biodiesel.

Also, among the fatty acid, DHA content was found to be 8.2%.

The strategy in this study was to easily fractionate the sugar and

lipid components in the micro-algae by hydrothermal fractionation

for bioethanol, biodiesel, or high-value product production. Since

the current predominant method uses several toxic chemicals and

complicated processing steps to separate lipid from micro-algae,

the hydrothermal fractionation suggested in this study can result in

a simple conversion scheme that is expected to be environmentally

friendly and economically viable.

2. Statistical Analysis for Hydrothermal Fractionation

Response surface methodology (RSM) based on the 23 factorial

central composite design (CCD) was used to optimize the condi-

tions of hydrothermal fractionation for bioethanol production from

Schizocytrium sp. A central composite factorial design experiment

was performed to examine the combined effects of the three inde-

pendent variables on oligomeric sugar content (Table 2). The CCD

was originally introduced by Box and Willson [32]. Several researches

on CCD are available in the literature [33-37]. Mathematical mod-

els, which represent a reduced cubic polynomial, are given by Eq.

(2), where variables take their coded values.

The reduced cubic polynomial model for ethanol production (Y)

is as follows:

Y=17.9−2.76 X1+0.38 X2+0.91 X3−1.82 X1

2

−0.23 X2

2

+0.05 X3

2

Y=−0.64 X1X2−0.38 X1X3+0.05 X2X3−1.05 X
2

1X2

Y=−0.77 X
2

1X3+1.76 X1X
2

3 (2)

Where, Y represents the responses or, oligomeric sugar content

(%); X1-X3 are independent variables (X1: Temperature, X2: Reac-

tion time, and X3: Solid loading).
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The statistical significance of the respective model equation was

checked using F-test analysis of variance (ANOVA) (Table 3). The

fitness of the model was also expressed by the coefficient of deter-

mination, R2, which was found to be 0.8925 on the oligomeric sugar

content. This value indicates 89.25% of the response variability in

oligomeric sugar content. The closer the R2 is to 1, the stronger the

model and the better it predicts the response [38]. The lower the

value of the coefficient of the variation (CV) (10.59 wt% for oligo-

meric sugar content) is, the greater the precision and reliability of

the experiments carried out. The probability p-value for models of

less than 0.0226 also indicated that the models were highly signifi-

cant, and insignificant p-value of lack of fit for models indicated

that experimental data obtained are in good agreement with the model.

If the p-value for lack of fit for model is significant (p<0.05), then

a more complicated model would be required to fit the data [39].

3. Optimization of Hydrothermal Fractionation

The traditional ‘one-factor at a time’ optimization technique is

comparatively simple, and the individual effects of bioprocess fac-

tors can be graphically depicted without the need for the statistical

analysis. Unfortunately, this method often fails to seek the region

of optimum response since the joint effects of factors on the response

are not considered in the technique. A combination of factors gener-

ating a certain optimum response can be identified though factorial

design and the use of response surface methodology (RSM) [40,41].

The 3-D response surface plots graphically represent the regres-

sion equation. By using the response surface plot, the interaction

between two variables and their optimum levels can be easily under-

stood and located. Plots showing interaction between reaction time

and temperature, solid loading and temperature, solid loading and

reaction time are depicted in Fig. 2.

The maximum sugar content was observed with a relatively high

temperature in the interaction between reaction time and tempera-

ture (Fig. 2(a)). On the other hand, when reaction time was fixed at

45 min, optimum solid loading and temperature were high around

the center point (Fig. 2(b)). As seen in Fig. 2(c), the maximum etha-

nol production was achieved with high solid loading and long reac-

tion time in the interaction between solid loading and reaction time.

Optimal values of the test variables in coded units were numerically

solved as follows: X
1=−0.15, X2=0.11, X3=2.00 corresponding to

Y1=19.4%. Actual values were obtained by putting the respective

values of Xi in equation of Table 2: temperature, 115.5 oC; reaction

time, 46.7 min, and solid loading, 25%. To confirm the predicted

Table 3. Analysis of variance for reduced cubic model

Source SSa DFb MSc
F-value

Prob

(P)>F

[R2=0.8925, CV=10.59%]

Model 173.14 12 14.43 4.84 <0.0226

Residual (error) 020.86 07 02.98

Lack of fit 000.23 02 00.16 0.03 <0.9725

Pure error 003.67 05 00.73

Total 194.00 19

aSS, sum of squares
bDF, degrees of freedom
cMS, mean squares

Fig. 2. Response surface plots showing the effect of temperature,
reaction time, and solid loading and their combined effect
on the oligomeric sugar content. (a) Reaction time and tem-
perature, (b) Solid loading and temperature, and (c) Solid
loading and time.
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optimization conditions, experiments were performed using condi-

tions determined above. Similarly, experimental results of sugar con-

tent were 16.6 wt%, which was in close agreement with the model

prediction. Time course of ethanol production using hot-water frac-

tionated liquid phase of micro-algae in the optimum conditions is

shown in Fig. 3. This fermentability test showed that 11.8 g/l of etha-

nol was produced from 25.7 g/l of glucose by E. coli KO11 with

the maximum bioethanol production yield being 89.8 wt%. So if

1,000 kg of micro-algae (Schizocytrium sp.) containing about 10.8

wt% glucan and about 6.5 wt% galactan were and fermented by

the procedure above to produce ethanol, 55.1 kg ethanol could be

produced.

Additional fermentation test was conducted to confirm the effect

of the addition of the lipids to the fermentation broth (data not shown).

The lipids separated from the hydrolyzate were used to test an inhibi-

tory effect on microbial activity in an SSF reactor. The SSF test result

showed that the addition of lipid had no negative effect on ethanol

fermentation using KO11 strain.

CONCLUSION

Hydrothermal treatment can easily fractionate micro-algae to sug-

ars, lipids, and protein phase with no additional chemical extrac-

tion process. Statistical optimization of hydrothermal fractionation

of micro-algae for ethanol production has been successfully carried

out using RSM based on the 23 factorial CCD. The optimal condi-

tions for sugar content were determined as follows: reaction tem-

perature of 115.5 oC, reaction time of 46.7 min, and solid loading

of 25% (w/w).
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