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Biorefinery Sequential Extraction of Alginate by
Conventional and Hydrothermal Fucoidan from the
Brown Alga, Sargassum cristaefolium
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ABSTRACT

Brown algae has a fucoidan and alginate bioactive components with different characteristics. Brown algae has
a great potential as feedstock for biorefinery alginate and fucoidan extraction which is integrated. Alkaline
extraction process parameters in the sequential fucoidan and alginate extraction are integrated affected to
the characteristics of alginate and fucoidan from brown alga Sargassum cristaefolium. This study aims to
understand the effect of the parameters of the alkaline extraction process on multiple responses alginate and
fucoidan yields, and determine the optimal alkaline extraction process in the integrated alginate and fucoidan
sequential extraction processes according to the concept of industrial biorefinery. Box Bhenken Design from
the response surface method was used to understand the effect of process parameters temperature, time and
Na,CO, levels on the multiple responses alginate (yield, intrinsic viscosity, molecular weight) and fucoidan
yield. The results showed that the alkaline extraction process parameters significantly affected on the multiple
responses alginate and fucoidan yield with quadratic pattern. The optimal conditions occur at a temperature
of 57.02 °C, time of 123.96 min, and Na,CO, concentration of 2.66%. Under the optimal point, the yield of
alginate was 34.51 + 0.879%, intrinsic viscosity was 409.72 + 7.59 ml/g, molecular weight of alginate was
194.08 + 3.65 kDa and fucoidan yield was 1.81 + 0.06%.
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INTRODUCTION

Brown algae has a fucoidan and alginate bioactive
components with different characteristics (Rioux
et al., 2007; Torres et al., 2007; Draget and
Taylor, 2011). The function of alginates works as
thickener and gelling agent, while alginate gels
are thermostable (Rahelivao et al., 2013; Sellimi
et al., 2015). Alginate is widely used in non-food
and food industries (Poncelet et al., 1999; Gomez
et al., 2009), in the field of pharmaceutical,
alginate is used as a slow release of drugs
(pharmaceuticals) and antitumor compounds
(Sousa et al., 2007; Moebus et al., 2012; Wang et
al., 2010; Jensen et al., 2012). The fucoidan works
as an anti-inflammatory, anti-tumor, anti-cancer,
and immunomodulatory compound (Asker et al.,
2007; Ye et al., 2008; Kim et al. 2010; Ale et al.,
2011; Costa et al., 2011).

Brown algae has great potential as a feedstock
process of bio-refinery alginate extraction and
integrated fucoidan (Jung et al., 2013; Ruiz et al.,
2013), however this potential cannot be optimally
utilized to produce alginate and fucoidan to meet
domestic needs.The problem of the fucoidan and
alginate sequential extraction on bio-refinery
process is low fucoidan yield. This is because
fukoidan extraction with acid treatment is carried
out at low temperatures and when done at high
temperatures, the results show degradation of
the alginate polymer chains that indicates this
method is not effective (Sugiono and Ferdiyansah,
2018). Therefore, an alternative extraction is
necessary for more effective methods that can
produce high yield fucoidan with good quality,
namely the conventional alginate extraction bio-
refinery process and algae residues as feedstock
for hydrothermal extraction of fucoidan.

Alginates works as polar and in sodium carbonate
solution, alginate extraction with sodium
carbonate solution can produce alginates with
high yield and viscosity . While fucoidan is
polar soluble in acidic solutions and water.
Hydrothermal fucoidan extraction can produce
fucoidan with low molecular weight and high
yield (Quitain et al., 2013). Low fucoidan
molecular weight has higher bioactive properties
than large fucoidan molecular weight . This is the

Sugiono & Ferdiansyah

basis for the development of the conventional
alginate extraction bio-refinery process and
hydrothermal fucoidan extraction. However,
the effect of the alkaline treatment conditions
on multiple responses of alginate and fucoidan
through an integrated process is not yet known.
Some researchers have used alkaline treatment for
sequential extraction of alginate and fucoidan to
characterize (Rioux et al., 2007), but it does not
refer to the perspective of industrial bio-refinery.
Therefore, it is essentially needed for optimal
alkali treatment conditions in the bio-refinery
extraction process of alginate and fucoidan from
brown algae so that it can produce high yields
and good quality. In this study optimization
parameters of Na,CO,, temperature and time of
conventional alginate extraction and integrated
fucoidan hydrothermal will be carried out.

MATERIALS AND METHODS

Materials and reagents: Brown algae Sargassum
cristaefolium was obtained from Poteran Island in
Sumenep, Madura, and collected in Maret 2019.
Chemicals (distilled water, ethanol 99.8%, Na,CO )
for extraction and analysis were analytical
grade.

Sample preparation: The Brown algae washed
with fresh water until it is clean, then dried under
the sun to reach 13% moisture content. Dried
brown algae are processed with a coffee grinder
and filtered with a 60 mesh filter (Lorbeer et al.
2015). Brown algae were immersed in a 96%
Etoh for overnight to remove phenol and protein
components, washed and dried at 45 °C for 6
hours (Ale et al. 2012).

Sample preparation: 10 g of brown algae were
added with Na,CO, solution with a concentration
of 1-5%, solvent ratio 1:20 (w/v). Alginate is
extracted conventionally with a water temperature
of 30-90 °C for 60-180 min (Lorbeer et al., 2015).
Then cooled and filtered with a filter press cloth
so that the residue A and filtrate are obtained. The
alginate filtrate was added with a 96% ethanol
ratio of 1: 2 (v / v) left for 2 hours and filtered.
Alginate is washed twice with 70% and 96% of
ethanol then filtered and pressed, the alginate is
dried in an oven at 45 °C for 24 hours and milled
on 60 mesh.
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Fucoidan extraction: Residue A of alginate
extraction was dissolved in 1:60 (w/v) ratio
distilled water, and hydrothermally extracted
using ECOPAN VITA + Smart Pressure Cooker
(90 KPa) for 3 hours. Then the residue and filtrate
are separated. Fucoidan filtrate added with
ethanol 96% ratio of 1: 2 (v/v) was left overnight,
fucoidan were separated by centrifugation speed
of 7000 rpm for 10 minutes. The fucoidan are
collected and dried with a vacuum dryer at
45 °C for 16 hours (Ale et al., 2012).

Experimental design and statistical analysis: The
experimental design used in this study is the
Box Behnken Design from the response surface
method. The parameters and levels studied were
temperature (30, 60, 90 °C), duration (60, 120,
180 min) and Na,CO, levels (1, 3, 5%) coded +1,
0, and -1 (Table 1). Actual variables and codes
with 3 central point replications are presented
in Table 2, the total number of experiments
was 15 treatments (Montgomery, 2005). The
central point chosen in this study is the result
of previous studies. The yield of alginate extract
(%), intrinsic viscosity (ml/g), molecular weight
(kDa) and fucoidan yield (%) of the BBD design
were analyzed response surface regression and the
accuracy of the polynomial model (eq. 1).

y=1PF + éﬁ,xj + éﬁﬁﬁ+2 > A, (1)

=1 =i+l

Yield: Yield was calculated based of ratio between
alginate or fucoidan weight over to initial wight
of brown algae, and then multiplied 100 %
(Lorbeer et al., 2015).

Intrinsic viscosity: Intrinsic viscosity of alginate was
determined by using capillary viscometer Ubbelohde
(Canon, USA), capillary diameter of 0.56 and
employer at temperature 25 °C. 30 mg alginate
was diluted in 10 ml aquabides, stirred for 5
hour at room temperature (25 °C), and then made
serial concentration of 0.05-0.3 g/dL. Flow time
of solution (t) relative to flow time of solvent
(t0). The intrinsic viscosity was determined by
extrapolating from equation msp/c (eq. 5) until
zero concentration (Chee et al., 2011).
t

T 2)

Relative viscosity.

Specific viscosity, = 1-1 (3)

Reduction viscosity, =~ —2=" (4)
c c

Intrinsic viscosity, [rl_]:“:_" (5)

Molecular weight: Alginate molecular weight was
calculated based relationship between averaged
intrinsic viscosity and molecular weight by using
Mark-Houwink equation (eq. 6), where k=0.023
dL/g and a=0.984 (Clementi et al., 1998).
— a

[n]=iM,; (©
Where [n] is intrinsic viscosity in dL/g, Mw =
molecular weight in kDa

Alginate yield: The results showed that the
extraction process parameters (temperature, time,
concentration of Na,CO0,) on the yield of alginate
was obtained yield of alginate within a range
between 27.1-40.6% (Table 2). The higher the
temperature, extraction time and concentration
of Na,CO0,, the yield of alginate tends to increase
with a higher temperature, extraction time, and
concentration of Na,CO.. The cell walls of brown
algae become softer and expand with increasing
temperature, time and concentration of Na, CO,
so that alginate extractability increases. Fertah
et al. (2014) states that the higher the extraction
process parameters (temperature and time), the
higher the yield obtained until it reaches the
optimal point after it decreases. Brown algal cell
walls are increasingly porous as a result of higher
temperatures and extraction times (Hernadez-
Carmona et al., 1999; Torres et al., 2007).

The results of the study (Figure 1) showed that the
extraction process parameters had a significant
effect (P <0.05) on alginate yield. Alginate yield is
higher with the increasing temperature, time and
concentration of Na, CO, with quadratic pattern.
The highest alginate yield of 40.6% occurred at
90 °C, 120 min and 5% Na,CO, of concentration,
while the lowest alginate yield was 27.1% at 30
°C, 180 min and 1% Na,CO, of concentration.
The results of this study are aligned with the
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Figure 1. Response surface plot of the effect of
parameters alkaline extraction process on the
alginate yield
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mentioned literature (Rahelivao et al., 2013;
Lorbeer et al., 2015; Sugiono et al., 2019b).

Intrinsic viscosity: The parameters of the
extraction process temperature, time and
concentration of different Na,CO, obtained an
intrinsic viscosity of alginate that increased at
60 °C, 120 min and concentration of 3% then
decreased at 90 °C, 180 min, and 5% of Na2C03
concentration. The highest intrinsic viscosity
is obtained for 412.06 ml/g at a temperature
of 60 °C, 120 minutes and a concentration of
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3%. The lowest intrinsic viscosity at 90 °C,
180 minutes, and 5% of concentration is 65.92
ml/g. The results of this study are in accordance
with that reported by Rahelivao et al. (2013),
Fenorodosa et al. (2010) and Torres et al. (2009).
The parameters of 1-5% Na,CO, concentration,
temperature of 30-90 oC and extraction time of
60-180 min had a significant effect (P <0.05)
with a quadratic pattern on the intrinsic viscosity
of Sargassum cristaefolium alginate (Figure 2).
Intrinsic viscosity of alginate increases with the
higher extraction parameters and then decreases
after reaching optimal points.

This matter can be explained by several phenomena:
first, increasing the process parameters causes the
algae cell wall to expand and soft so that the
extraction of alginate of large molecular weight
increases. Second, the low intrinsic viscosity at
1% Na,CO, concentration because of the long
chain polymer alginate is not extracted, so that
the viscosity is low. Third, the decrease in intrinsic
viscosity of alginate at 5% Na,CO, concentration
is produced as a result of the degradation of the
alginate polymer chain (Smidsrod et al., 1969;
Haug et al., 1967). The degradation of the main
chain of alginate polymers increases rapidly at
90 oC and 180 minutes (Hernandez-Carmona et
al., 1999; Lorbeer et al., 2015; Silva et al., 2015;
Sugiono et al., 2019a).

Molecular weight: Biorefinery process parameters

extraction on temperature, time and concentration

Table 1. Coded and actual of independent
variables

Independent Symbols Variables
variables
Coded | Actual

Temperature (°C) x1 -1 30

0 60

+1 90
Time (min) X2 -1 60

0 120

+1 180
Na,CO, (%) x3 -1

0

+1
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Table 2. Box-Behnken Design from RSM and responses

Actual variables Responses
No Temperature| Time | Na,CO, Fucoidan Alginate Intrinsic Molecular
(°Q) (min) yield (%) yield (%) viscosity (ml/g) | weight (kDa)
2 60 180 1 1.92 30.12 140.15 65.14
3 90 120 1 0.75 28.90 135.73 63.05
4 30 180 3 1.72 28.21 260.21 122.18
6 90 120 5 0.20 40.60 65.92 29.83
7 30 120 1 1.50 27.10 149.61 69.61
8 60 60 5 0.22 27.32 113.45 52.55
9 90 60 3 0.27 29.80 198.61 92.84
10 30 60 3 0.25 27.48 267.92 125.86
12 30 120 5 0.26 29.13 112.55 52.130
13 60 180 5 1.23 36.74 97.32 44.97
14 90 180 3 1.78 35.98 195.40 91.32
15 60 60 1 1.54 29.85 287.42 135.17
1 60 120 3 1.81 35.80 407.21 192.59
5 60 120 3 1.91 34.54 412.06 194.93
11 60 120 3 1.72 33.21 392.56 185.55
Pred. 57.02 123.99 2.66 1.92+0.17a 33.12+0.82b | 404.73+18.55c¢ 191.38+8.81d
Valid 57.02 123.99 2.66 1.81+0.06a 34.51+0.87b 409.72+7.59¢ 194.08+3.65d
Table 3. Polynomial models, significance codes and fitting models
Coefficient Fucoidan Alginate Intrinsic Molecular
yield (%) yield (%) viscosity (ml/g) | weight (kDa)
Intercept
Bo +1.81 +31.65 +403.94 +191.02
Linear
valuef, -0.091ns +2.92% -24.33ns -11.59ns
3 +0.55** +2.07ns -21.79ns -10.35ns
B -0.48** 2.23 ns -40.46* -19.19*
Quadratic
[3” -0.68** -1.86 ns -108.52** -51.89**
22 0.13ns -2.29 ns -64.89* -31.09%
B, -0.46* -1.22 ns -179.47* -85.48*
Cross product
B, +1.00ns +1.36ns +1.13ns +0.54ns
1 0.17ns +2.42% -8.19 ns -3.94 ns
3 0.16ns +2.29 ns +32.78 ns +15.61ns
Fitting model
P value 0.0145* 0.0205* 0.0578* 0.0022%*
Lack of Fit 0.0611ns 0.2778ns 0.7914ns 0.059ns
R2 0.9393 0.9296 0.9723 0.9725
Equatlon Of the type Y_ B + Bx1+ Bx2+ B)(3+ B)(1x2+ Bx1x3+ Bx2)(3+ Bx1x1+ BXZXZ Bx}x]
Significance codes: **= P <0
** = 0.001<P<0.01
* = 0.01<P<0.05
ns = P>0.05
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of Na,CO, to the molecular weight of Sargassum
cristaefolium, obtained alginate molecular weight
with a range of 29.83-194.93 kDa (Table 2). The
highest molecular weight of alginate occurs at
60 °C, 120 min and 3% of NaZCO3 concentration,
while the lowest alginate molecular weight
occurs at 30 °C, 120 min and 5% of Na2C03
concentration. The parameters of the extraction
process on temperature, time and concentration
of Na,CO,have a positive effect on the molecular
weight of alginate up to 60 °C, 120 min and
3% Na,CO,, decreasing at 90 °C and 5% of
concentration within 60-180 min. The results
of this study are consistent with the reported

Figure 2. Response surface plot of the effect of
parameters alkaline extraction process on the
alginate intrinsic viscosity (point C)
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by Fertah et al. (2014), Hernandez-Carmona et
al. (1999), and Sugiono et al. (2018). The effect
of single factor extraction process of different
temperature, time and Na2C03 concentration
significantly affected (P<0.05) alginate molecular
weight with quadratic pattern (Figure 3). The
higher the extraction process parameters, the
alginate molecular weight increases, then
decreases after reaching the optimal point. This
can be explained by several phenomena. First, the
higher the parameters process, it will cause the
algae cell walls to become soft so that long chain
alginates are extracted. Second, at 5% Na2C03
concentration, the alginate molecular weight

Figure 3. Response surface plot of the effect of
parameters alkaline extraction process on the
alginate molecular weight
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is low due to the beta elimination reaction and
the degradation of the alginate polymer chain
(Hernandez-Carmona et al., 1999; Smidsrod et
al., 1969). Third, at low concentrations of Na2C03
alginate polymer, degradation occurs due to
hydrolysis catalyzed by protons (Smidsrod et al.,
1963). Alginate extraction from brown algae in a
solution of pH 12 Na,CO, obtained low molecular
weight alginate as a result of the degradation
of the alginate polymer chain, this is proven by
the low intrinsic viscosity of alginate (Sugiono
et al., 2019b).

Fucoidan yield:The results showed that the effect
Figure 4. Response surface plot of the effect of

parameters alkaline extraction process on the
fucoidan yield
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of different extraction parameters of temperature,
time and concentration of Na,CO, on the alginate
and fucoidan sequential extraction processes of
fucoidan yields, it is obtained fucoidan yield
ranged from 0.2-1.96%. The highest fucoidan
yield occurred at 60 °C, 120 minutes and 3%
concentration, while the lowest fucoidan yield
occurred at 90 °C, 120 minutes and 5% Na2C03
concentration. The results of this study are
consistent with those mentioned in the literature
(Ale et al., 2012; Sugiono et al., 2014; Lorbeer
et al., 2015). The different extraction process
parameters (temperature, time and concentration
of Na,C0,) had a significant effect (P<0.05) on
the yield of fukoidan (Figure 4). The higher the
extraction process parameters, the higher the
fucoidan yield obtained, then it decreases after
reaching the optimal point.

The results of this study are in accordance with
that reported by Qiao et al. (2009), Rodriquez et al.
(2010), and Lorbeer et al. (2015). The Increase of
the temperature parameters and the concentration
of Na,CO, causes the algae cell walls to become
brittle, in that case fucoidan is easily extracted.
At 90 °C and Na2C03 concentration 5%, fucoidan
yield decreased because it was suspected that
some of the fucoidan was extracted and dissolved
as impurities during alginate extraction. Sugiono
et al. (2019a) reported that the increasing Na,CO,
concentrations in the alginate extraction process
would cause the algae cell wall to expand and
soft, while the fucoidan is also extracted and
dissolved as a impurity.

Fitting models: Box Behnken Design (BBD) from
the response surface method with three central
point replications used to test the effect of
three variables (temperature, time and Na,CO,)
sequential extraction of alginate and fucoidan
against alginate yield, intrinsic viscosity,
alginate molecular weight and fucoidan yield.
The second order polynomial model of multiple
responses alginate and fucoidan yield is presented
in Table 3. Evaluation of the accuracy of the
quadratic model of alginate yield response,
intrinsic viscosity, alginate molecular weight
and fucoidan yield based on parameters of model
significance, correlation coefficient and lack of fit
are presented in Table 3. The model compatibility
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has a significance value of P < 0.05, R? > 0.8 and
Lack of fit > 0.1 (Montgomery, 2005). The fitting
model based on these parameters show that, the
second-order of all response polynomial model is
high adequate, P value in all the multiple response
alginate and fucoidan yield is < P=0.05, there is
no significance lack of fit because lack of fit value
is more than 0.1 in all response and R? value more
than 80% in all response.

Optimization and verification: Based on the
results of the design expert version 7 program
analysis, the optimal conditions for fucoidan and
alginate sequential extraction occurred at 57.02
°C, 123.96 min, and 2.66% Na2C03 concentration.
The response of prediction value under optimal
conditions is 33.93% alginate yield, 404.73 ml/g
intrinsic viscosity, alginate molecular weight
of 191.38 kDa and fucoidan yield 1.92% with
desirability value of 0.989. The desirability value
is close to 1 indicates that the predicted value of
the Design Expert program has a high level of
validity (Ale et al., 2012; Sugiono et al., 2019b).

The optimal process parameter conditions as
predicted by the design expert program version
7 (57.02 oC, 123.96 min, Na,CO, 2.66%) were
conducted with 3-replication verification
experiments. The optimal point verification
results obtained alginate yield 34.51 + 0.87%,
intrinsic viscosity 409.72 + 7.59 ml/g, alginate
molecular weight 194.08 + 3.65 kDa and fucoidant
yield 1.81 + 0.06%. The results of verification of
multiple responses alginate and fucoidan yield
are in the range of predicted 95% PI high and
950% PI low. The paired t-test results found that
between the predicted values of the program and
the validation experiments were not significantly
(P > 0.05), this indicates that the results of the
validation experiments supported the results of
the program analysis.

CONCLUSION

The bio-refinery of sequential alginate extraction
through conventional and hydrothermal fucoidan
has been succeeded to develop. This processes
produces two products which are alginate and
fucoidan. The temperature extraction, duration
and Na,CO, concentration process significantly
affect to fucoidan yields and alginate multiple
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response. The optimal condition of temperature
and Na,CO, concentration of bio-refinery
extraction occurs at the temperature of 57.02 °C,
124.01 min and NaZCO3 concentration of 2.66%,
with the value of fucoidan yield is 1.81 + 0.06%,
alginate yield is 34.51 + 0.87%, intrinsic viscosity
409.72 + 7.59 ml/g, and alginate molecular
weight of 194.08 + 3.65 kDa.
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