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Abstract

Seaweed is an important global commodity since it is the source of many important products such as carrageenans, agar,
alginates, and bioactive compounds. Seaweed processing is an energy intensive process since it involves heating large volumes
of seaweeds in alkali solutions at high temperatures for up to six hours. To increase energy efficiency, an ohmic based processing
system has been developed but has not been tested thoroughly. Therefore, the objective of this study was to identify optimum
processing conditions for extraction of carrageenan from Eucheuma spinosum using ohmic heating technology. The experiment
was conducted using Central Composite Design with four variables, i.e. extraction temperature, extraction duration, KOH
concentration, and solution to seaweed ratio. Following the extraction process, carrageenan was recovered through precipitation
using 90% isoprophyl alcohol solution. Results of experiments indicate that extraction yields varied from 29.6-62.4% dry basis
with viscosity and gel strength varied from 259-290 mPa.s and 42.54-70.41 g/cm? respectively. Statistical analysis indicated
that extraction yield can be adequately modeled using the four variables and optimum extraction yield (61.59%), gel strength
(53.48 g/cm?), and viscosity (284.51 mPa.s) were achieved at 95 °C extraction temperature, 240 minutes of extraction time,
0.4M KOH concentration, and 45:1 solution to seaweed ratio.

Keywords: ohmic technology; carrageenan extraction; optimization; Eucheuma spinosum.

Practical Application: Carrageenan extraction based on ohmic heating has been developed and tested. This technology is very
promising since it can provide extraction yield and carrageenan quality comparable to conventional heating technology but
with potentially faster extraction process due to the fast and uniform heating and more energy efficient since heat is generated

internally within the extraction chamber.

1 Introduction

Seaweed is an important global commodity since it is
the source of many important commercial products such as
carrageenans, agar, and alginates. In addition, many species
of seaweeds have been identified as the source of bioactive
compounds and coloring agents. Processing of seaweeds into
valuable products is an energy intensive process. Current
technologies in seaweed processing generally use double
jacketed tanks supplied with steam for heating of processed
seaweeds in alkali solutions. In those technologies, processing
systems are complicated since they require dedicated steam
generators and steam delivery systems. Therefore, simpler and
more energy efficient processing technologies are needed and a
recent publication by Hasizah et al. (2018) has reported a novel
technology for extraction of carrageenan using ohmic heating.

Ohmic heating technology was originally developed for
pasteurization and sterilization purposes. Records indicate that the
use of ohmic heating in food processing was initially developed
for pasteurization of milk in the 1930s (Getchel, 1935; Moses,
1938). However, this technology disappeared thereafter due to
electricity cost and technical difficulties (Alwis & Fryer, 1990).

Since the development of commercial ohmic heating units for
food sterilization by APV Baker (England) in 1980’s, researchers
from universities and research institutions have conducted
numerous studies on ohmic heating of food products. Studies
on application of ohmic heating has been carried out on fruits
and vegetables (Mizrahi, 1996; Lima & Sastry, 1999; Wang &
Sastry, 2002; Salengke & Sastry, 2005, 2007a; Sarang et al., 2008),
juices and purees (Sastry & Palaniappan, 1991; Castro et al., 2003,
2004; Icier & Ilicali, 2005; Mercali et al., 2013; Darvishi et al.,
2013; Achir etal., 2016; Abedelmaksoud et al., 2018), liquid eggs
(Icier & Bozkurt, 2011; Darvishi et al., 2012; Kasler & Sastry,
2019), meat and fish (Shirsat et al., 2004; Halleux et al., 2005;
Sarang et al., 2008; Zell et al., 2009; Bozkurt & Icier, 2010; Fattahi
& Zamindar, 2020), and dairy based products (Bansal & Chen,
2006; Pires et al., 2020; Kuriya et al., 2020; Rocha et al., 2020a, b).

One of the most important findings reported in literature
regarding ohmic heating is that it can deliver rapid, uniform,
and efficient heating for liquid and solid foods as well as for
foods containing mixtures of liquid and solid particulates
(Bansal & Chen, 2006; Salengke & Sastry, 2007b, c; Pires et al.,
2020). In addition, several researchers have reported that
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ohmically processed products have superior quality compared
to those processed using conventional heating (Pires et al., 2020;
Rocha et al., 2020a, b) and may have positive effects on health as
found in experiments on rats (Rocha et al., 2020b). In addition,
Rocha et al. (2020a) reported that pasteurization of milk using
ohmic heating at low electric field strength (< 8 V/cm) can
contribute to the formation of bioactive compounds in cheeses
produced from the milk but negatively affected fatty acid profile
of the cheeses. The aforementioned characteristics of ohmic
heating are desirable in seaweeds processing since the volumes
of materials (extracting solution and seaweed) processed are
generally large. Under this condition, high and uniform heating
rates are required to achieve an efficient extraction process.

The rate and the uniformity of ohmic heating are largely
dependent on the electrical conductivity of the processed
materials. For biological materials and electrolytes, electrical
conductivity depends on temperature and the concentration
and the species of ions contained in the processed materials.
Several researchers (Sastry & Palaniappan, 1991; Castro et al.,
2003; Icier & Ilicali, 2005; Bozkurt & Icier, 2010; Darvishi et al.,
2013) have reported that electrical conductivity of food materials
increased linearly with temperature. Similar trends were reported
for electrical conductivity of dilute KOH solution during ohmic
heating (Hasizah et al., 2018).

Processing of seaweeds for carrageenan, agar-agar, and
alginate productions is commonly done under alkaline condition
to increase gel strength and the most used alkali is potassium
hydroxide (KOH). This is due to the fact that potassium ions
are effective in modifying the gel strength of the hydrocolloids
contained in seaweeds. The concentrations of KOH that have
been used by researchers in seaweed processing studies ranged
from 0.05-4M (Ciancia et al., 1993; Chandramishra et al., 2006;
Tuvikene et al., 2006).

Potassium hydroxide solutions have high electrical
conductivities since KOH can completely dissociate into ions in
aqueous solution and form a strong electrolyte. Measurements
under ohmic heating conditions have shown that the electrical
conductivity of dilute KOH solutions at room temperature ranged
from 8.15 S/m to 22.78 S/cm at concentration range of 0.3 to 0.9M
(Hasizah et al., 2018). Due to the high electrical conductivity of
KOH at this concentration range, ohmic heating rates are high
such that rapid heating of solution can be achieved. Therefore,
the use of ohmic heating technology in seaweed processing is
promising.

Carrageenans in seaweeds are contained in the cell walls
and at intra cell matrices. To effectively extract the carrageenans
from seaweeds, the cell walls and cell matrices must be disrupted
to allow the carrageenans to leach out of the cell matrices. This
can be achieved by heating the seaweeds at temperatures above
the melting temperature of the carrageenan. Therefore, one of
the important factors affecting extraction yield is extraction
temperature. Other factors that may also affect yield are extraction
duration, alkali concentration, and solution to seaweed ratio.
In order to obtain maximum extraction yield and optimum
properties of carrageenan produced, extraction must be carried
out under optimum conditions.
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Studies on optimization of process condition for carrageenan
extraction are still scarce and only three studies have been found in
literatures (Webber et al., 2012; Bono et al., 2014; Anisuzzama et al.,
2014). These researchers studied extraction of carrageenan from
Kappaphycus alvarezii and the parameters used were extraction
temperature and duration (Webber et al., 2012), temperature,
duration, and KOH concentration (Bono et al., 2014), and KOH
concentration and cooking duration (Anisuzzama et al., 2014).
The overall results reported from these studies indicate that
the above experimental parameters can affect extraction yield,
viscosity and gel strength of carrageenan produced.

Itis important to note that all of the aforementioned studies
were done using micro-scale experiments with conventional
heating method. Currently, study on extraction of carrageenan
using alternative heating methods has been scarce. Only two
such studies have been reported; one study used microwave
heating (Uy et al., 2005) and the other used ohmic heating
(Hasizah etal., 2018). The results reported in this last study indicate
that extraction of carrageenan from Eucheuma spinosum using
pilot-scale ohmic heating resulted in relatively higher yield than
the results reported by several researchers using conventional
heating. However, further studies need to be done to identify
optimum conditions for carrageenan extraction using larger
scale ohmic heating chambers.

The use of ohmic heating in carrageenan extraction can
potentially increase extraction yield since ohmic heating has been
reported to cause electroporation in biomaterials as indicated by
the increase in juice yields (Lima & Sastry, 1999; Wang & Sastry,
2002), plant tissue damage (Lebovka et al., 2005), and enhanced
diffusion (Schreier et al., 1993; Kulshrestha & Sastry, 2003).
Therefore, the objective of this study was to obtain optimum
conditions for extraction of refined carrageenan from Eucheuma
spinosum using a pilot scale static ohmic heating system.

2 Materials and methods
2.1 Material

Experiments on extraction of carrageenan from Eucheuma
spinosum were carried out using a pilot scale static ohmic
heating system. The seaweed was harvested at 45 days after
transplantation and sun dried to about 35% moisture content.
Prior to experiment, the seaweed was thoroughly cleaned by
brushing off salt residues and sands from the surface of the
seaweed and washing using tap water. The clean seaweed was
then sun dried to about 10% moisture content and weighed to
predetermined weights. The samples were placed in plastic bags
and stored in airtight containers at room temperature.

2.2 Equipment setup

The ohmic heating chamber used in this study was made
ofa PVC (polyvinyl chloride) pipe (internal diameter 10.25 cm
and length of 100 cm) equipped with stainless steel electrodes
at both ends of the chamber. Electric energy was supplied to the
ohmic heating chamber using a custom built 75-Amps power
supply system equipped with a thermo-controller which control
extraction temperature and the supply of electric current to the
electrodes. A data logging system was used to record electric
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current consumption, applied voltage, and temperature of solution
inside the heating chamber during extraction.

2.3 Extraction experiment

Seaweed samples were soaked in tap water for 30 minutes
before each experiment and extraction was carried out using
KOH solution. After extraction, the solution containing the
extracted carrageenan was separated from solid residues by
filtration. The carrageenan contained in the filtrate was precipitated
using 90% isoprophyl alcohol (IPA) with IPA to filtrate ratio of
2:1 (v/v). The precipitated carrageenan was separated from the
solution by filtration, rinsed with IPA solution and sun dried
to about 12 percent moisture content.

The experiment was based on Central Composite Design
(CCD) with four factors, namely extraction temperature (X,),
extraction duration (X,), KOH concentration (X,), and KOH
solution to seaweed ratio (X). Five levels of each factor (coded
-a, -1, 0, +1, and +a) were chosen for the experiment to
investigate the main effects of each factor and their interaction.
The experimental range and levels of each factor used in this
study are given in Table 1 and all experiments were repeated
twice. Responses measured were extraction yield, gel strength,
and viscosity. Extraction yields (dry basis) were calculated as
the ratio between the dry weight of carrageenan obtained and
the dry weight of the seaweed processed. The gel strength of
1.5% carrageenan gel was measured at room temperature using
a texture analyser (Stable Micro Systems, Surrey, UK) equipped
with Bloom test apparatus. Viscosity of 1.5% carrageenan
solution was measured at 75 °C using a viscometer (Brookfield
Engineering, Middleboro, Massachusetts, US). The data obtained
were analysed using Design Expert Version 10 (Stat-Easy Inc.,
Minneapolis, MN) to determine the best combination of the
experimental factors for optimum yield, gel strength, and
viscosity, and to generate surface plots. The mathematical models
generated by the software were validated experimentally at the
optimum conditions.

3 Results and discussions

The experimental design generated by CCD consisted of
31 experimental runs which consisted of 16 factorial points,
8 star points, and 7 center points. Results of measurements
of the three responses (average of two measurements) for the
31 experimental runs are given in Table 2 and results of analysis
of variance for response surface model for extraction yields, gel
strength, and viscosity are shown in Table 3. It is important to
note that only the F and p values are shown in Table 3 due to
space consideration.

3.1 Extraction yield

The data shown in Table 2 indicate that extraction yields
varied from 29.6% to 62.39% with an average of 48.84%.
The yields obtained were in the range reported previously by other
researchers (Dawes, 1977; Fostier et al., 1992; Istini et al., 1994;
Buriyo et al., 2001; Vairappan et al., 2003; Freile-Pelegrin et al.,
2006; Wakibia et al., 2006; Freile-Pelegrin & Robledo, 2007).
The variation of extraction yields obtained in this study showed
that the extraction yield was affected by the four experimental
variables used in this study. It is also worthy of note that based on
the extraction yields, ohmic heating technology for carrageenan
extraction can become a viable alternative.

Results of statistical analysis (not shown due to space
consideration) from Design Expert Software for the yield data
indicate that extraction yield can be best predicted using a quadratic
model with an F-value of 4.84 and p-value = 0.0094 (<<0.05).
The result of the lack of fit test indicates that the lack of fit for the
quadratic model is insignificant (p=0.6848) which also indicates
that the quadratic model can provide adequate prediction for
extraction yields.

Results of analysis of variance for response surface model for
extraction yields (Table 3) indicates that the significant factors
(p<0.05) in the quadratic model are extraction temperature,
extraction duration, and KOH to seaweed ratio. The effect
of KOH concentration on extraction yield was insignificant
(p>0.05). The F value (13.63) and the p value (<0.0001) of the
model suggests that all of the factors in the model provide
significant contribution to the prediction of extraction yield.
The quadratic models for the prediction of extraction yield are
presented in Equation 1 (for coded factors) and Equation 2 (for
actual factors).

Y =49.47+5.03X,+4.15X,+4.20X,~2.40X,X,+1.78X7 -2.60x3 (1)

Y =335.674-10.165T+0.329t+4.7318 R—0.0479 TR +

5 5 @
0.0714T° -0.000722t
The regression equations (Equations 1 and 2) show that
extraction yield is a quadratic function of extraction temperature
and duration and a linear function of the ratio between the
volume of KOH solution and the weight of seaweed (simply
referred to as the ratio). It can also be seen from the equations
that the interaction between extraction temperature and the
ratio also significantly affected extraction yield. On the other
hand, KOH concentration in the range of 0.4 to 0.8 M as used
in this study did not significantly affect on extraction yield.
The corresponding response surface plots for extraction yields
based on Equation 2 are given in Figure 1.

Table 1. Experimental range and levels of the experimental variables used in the CCD design.

Experimental Variables Code -a -1 0 1 +a
Temperature, C X, 80 85 90 95 100
Extraction duration, min X, 60 120 180 240 300
KOH concentration, M X, 0.2 0.4 0.6 0.8 1.0
KOH to Seaweed ratio, v/w X, 15:1 25:1 35:1 45:1 55:1
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Table 2. CCD experimental design with coded and actual levels and measured responses.

Run # Experimental Factors Responses (Y)
Temp, C Duration, min KOH, M Ratio, v/w Yield, % Gel Strength, g/cm*  Viscosity, mPa.s
1 -a 0 0 0 45.7431 49.8269 268
2 +1 -1 +1 +1 52.9621 46.4045 263
3 +1 -1 -1 -1 44.9968 56.5014 279
4 -1 -1 +1 +1 48.2990 53.9148 273
5 0 0 0 0 47.3103 50.3851 268
6 -1 -1 -1 -1 46.7649 55.6845 275
7 0 0 0 0 44.6625 53.3236 272
8 -1 -1 +1 -1 30.4164 51.3582 270
9 0 -a 0 50.9921 70.4074 290
10 0 0 0 0 54.8208 57.9435 282
11 0 0 0 0 40.1079 56.3062 276
12 -1 +1 -1 +1 53.7159 48.3818 265
13 0 0 0 -a 37.1724 55.0442 274
14 0 0 0 50.6197 45.8690 263
15 0 0 0 +a 54.7628 54.5709 274
16 -1 +1 +1 +1 52.9341 43.4232 260
17 -1 -1 -1 +1 48.9305 42.5403 259
18 -1 +1 +1 -1 49.9485 57.6876 281
19 0 0 0 0 49.2055 54.9363 274
20 +1 -1 +1 -1 47.7895 51.0995 269
21 0 -a 0 0 29.6047 47.3297 264
22 -1 +1 -1 -1 34.7780 55.8862 275
23 +1 +1 -1 -1 62.2532 45.0743 262
24 +1 -1 -1 +1 53.3631 57.9729 282
25 +1 +1 +1 -1 59.6990 49.0815 267
26 +a 0 0 0 62.3916 56.9074 285
27 0 0 0 51.3239 52.0199 270
28 +1 +1 -1 +1 60.7441 67.1280 289
29 +1 +1 +1 +1 61.3132 55.8456 275
30 0 +a 0 0 43.4678 56.4240 278
31 0 0 +a 0 53.0598 59.6012 265

The responses (Y) were the mean values of two replicates.

Table 3. Summary of results of analysis of variance for response surface reduced quadratic models for extraction yield, gel strength and viscosity
(only F and p values are presented).

Extraction yield Gel Strength Viscosity
Source

F Value Prob > F F Value Prob > F F Value Prob > F
Model 13.63 <0.0001 4.15 0.0070 4.27 0.0061
Temperature, T 34.54 <0.0001 1.97 0.1729 3.70 0.0660

Duration, t 23.54 <0.0001 - - - -
KOH, C 0.34 0.5663 2.93 0.0993 5.85 0.0232
Ratio, R 24.12 <0.0001 0.099 0.7558 0.14 0.7129
T.R 5.23 0.0322 8.38 0.0077 8.33 0.0079
T.C - - - - 3.32 0.0803

T? 6.07 0.0220 - - - -

I 10.00 0.0045 - - - -

C? 3.27 0.0841 7.38 0.0118 - -
Lack of Fit 0.67 0.7604 1.70 0.2634 1.23 0.4258

The predicted extraction yields shown in Figure la were  35:1 respectively. The response surface curve shown in Figure 1b
calculated at temperature range of 85-95 °C and extraction  was generated using the predicted extraction yields at 85-95 °C
duration of 120-240 minutes while KOH concentration and  temperature range and ratio of solution to seaweed was in the
solution to seaweed ratio were at central points of 0.6M and  range of 25:1 to 45:1 while KOH concentration and extraction
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Figure 1. Surface plots for extraction yields at various extraction conditions. (a) KOH concentration = 0.6M and solution to seaweed ratio = 35:1;
(b) KOH concentration = 0.6M and extraction duration = 180 minutes; (c) extraction temperature = 90 °C and KOH concentration = 0.6M.

duration were at the central points of 0.6M and 180 minutes
respectively. The response surface curve shown in Figure 1c
was generated at extraction temperature of 90 °C and KOH
concentration and of 0.6M.

It can be seen from Figure 1 that the highest yield was
obtained at the highest values of the experimental variables
within the experimental domain. The results obtained from
yield optimization gave the optimum yield of 60.58% at 95 °C
extraction temperature, 230.6 minutes of extraction duration, and
45:1 solution to seaweed ratio. At this condition, the predicted
gel strength and viscosity were 57.03 g/cm? and 273.1 mPa.s
respectively. KOH concentration did not affect optimization
result for extraction yield.

3.2 Gel strength

The gel strength of the carrageenan obtained ranged from
42.53 10 70.40 g/cm? with an average of 53.50 g/cm? The average
value of gel strength obtained in this study was almost the same
as the gel strength reported previously by Santos (1989) and
slightly higher than the results reported by Freile-Pelegrin et al.
(2006) and Freile-Pelegrin & Robledo (2007). The gel strengths
obtained in this study were significantly lower than those reported
by several researchers (Istini et al., 1994; Vairappan et al., 2003;
Wakibia et al., 2006) for carrageenan extracted from Eucheuma
spinosum. However, direct comparison with the results reported
by these researchers cannot be made since the gels that they used
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were prepared either by using higher carrageenan concentration
(3%) in the study by Vairappan et al. (2003) or by adding 0.2%
KCl to enhance gel strength in the study by Istini et al. (1994)
and Wakibia et al. (2006).

The gel strength of carrageenan extracted from Eucheuma
spinosum in this study can be predicted using a quadratic model.
Regression results (not shown) indicate that the quadratic model
gives p-values of 0.1814 for model and 0.1533 for the lack of fit.
The p-value for the model indicates that not all of the factors
in the model is significant while the p-value for the lack of fit
indicates that the quadratic model can adequately predict the
gel strength since lack of fit is insignificant (p>0.05). The results
of analysis of variant for the quadratic model (Table 3) gave an
F-value of 4.15 and a p-value of 0.0070. This result suggests the
variation in the gel strength can be adequately attributed to the
experimental factors in the model.

The results of analysis of variant indicate that the significant
factors affecting gel strength (p<0.05) was the quadratic factor
of KOH concentration and the interaction between extraction
temperature and ratio of KOH solution to seaweed. The regression
model for gel strength (GS) is given in Equation 3 for coded
factors and Equation 4 for actual factors.

GS=6529+1.81X;-221X;-0.41X,+4.59X,X,+3.17 X} 3
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GS =358.13-2.847T —106.246 C - 8.092R +0.0917T.R+79.315C> (4

In the above equations, X, X, and X represent the coded values
for extraction temperature, KOH concentration, and ratio of
KOH solution to seaweed (v/w) while T, C, and R represent the
real values of the aforementioned factors.

The regression model in Equation 3 indicates that the most
important factor affecting gel strength was the interaction
between extraction temperature and ratio of KOH solution
volume to seaweed weight and followed by KOH concentration.
The corresponding response surface plots for gel strength based
on Equation 4 are given in Figure 2.

The surface plot in Figure 2a indicate that gel strengths were
low when extraction temperature was low and KOH to seaweed
ratio was high. The surface plot also shows that gel strength
tended to increase as extraction temperature increases at high
KOH to seaweed ratio (45:1), but tended to decrease at low ratio
(25:1). The plot also shows that as the ratio increases, gel strength
tended to increase at high extraction temperature (95 °C) but
tended to decrease at lower extraction temperature (85°C).

The surface plot shown in Figure 2b indicate that gel strength
tended to increase as extraction temperature was increased and
this trend was consistent at all levels of KOH concentration.

Gel Strength (Bloom)
2

3000 =~
- N /w/uo
D: Ratio .00 \/ﬁ oo A: Temperature (C)

4500 8500

Gel Strength (Bloom)

o070

C: KOH Conc. (M)

The plot also shows that gel strength tended to decrease as
KOH concentration was increased from 0.4 to 0.6M and then
increased slightly as KOH concentration was further increased
to 0.8M. The same trend was also shown in Figure 2c. This trend
might follow the trend reported by Tuvikene et al. (2006) for
carrageenan extracted from Furcellaria lumbricalis and Coccotylus
truncatus which indicated that the highest gel strength was
obtained from extraction at low KOH concentration (0.05M)
and the effect of KOH was insignificant at higher concentration.
Optimization for gel strength using Design Expert software gave
optimum extraction condition at 95 °C of extraction temperature,
240 minutes of extraction duration, 0.4M of KOH concentration,
and 45:1 of KOH to seaweed ratio. At this condition, gel strength
was predicted at 60.58 g/cm?, extraction yield at 59.5%, and
carrageenan viscosity at 285.6 mPa.s.

3.3 Viscosity

The viscosity of carrageenan obtained from the experiments
was measured at standard conditions (1.5% solution at 75°C)
using Brookfield Viscometer (spindle no. 2 at 60 rpm).
The viscosities obtained from the measurements ranged from
259 to 290 mPa.s with an average value of 272.55 mPa.s. These
values were slightly higher that the viscosity of 250 - 254 mPa.s
reported by Vairappan et al. (2003) and much higher than the

Gel Strength (Bloom)

C: KOH Conc. (M) A: Temperature (C)

080 B500

89 00
s7o0  A: Temperature (C)

080 8500

Figure 2. Surface plots of carrageenan gel strength at various extraction conditions. (a) KOH concentration = 0.6M and extraction duration = 180 min.;
(b) extraction duration = 180 min. and ratio = 35:1; (c) temperature = 90 °C and duration = 180 min.
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values reported for iota carrageenan extracted from Eucheuma
denticulatum (Wakibia et al., 2006) and Eucheuma isiforme
(Freile-Pelegrin et al., 2006; Freile-Pelegrin & Robledo, 2007).

Result of sequential regression analysis (not shown) indicates
that the recommended model for the viscosity of carrageenan
obtained from the extraction experiments was a quadratic model.
Analysis of variant for response surface reduced quadratic model
for viscosity (Table 3) indicated that the model was significant
(p=0.0002) and the effects of extraction temperature, KOH
concentration, and ratio of KOH volume to seaweed weight were
significant while the effect of extraction duration on viscosity
was not significant.

Itis important to note that the most important factor affecting
viscosity was KOH concentration. The main effect of extraction
temperature and ratio of KOH volume to seaweed weight were not
significant (p>0.05) but their interactions with other experimental
factors were significant (p<0.05). The results of the lack of fit
test also indicates that the lack of fit was not significant (p>0.05)
which suggested that the model can be used to adequately
predict the carrageenan viscosity. The equations obtained from
the regression analysis are presented in Equation 5 (for coded
factors) and Equation 6 (for actual factors) and the response
surface curve for viscosity is shown in Figure 3.

Viscosity (cP)

- 060

8000 '\\
A: Temperature (C) &7 w\/w C: KOH Conc. (M)

8500 040

Viscosity (cP)

V =27248 + 258X, - 325X; —05X, - 3.0X,X; + 475X,X, (5

V =374.7339 — 1.0083T + 253.75C — 8.6 R — 3.0TC + 0.095T R (6)

The variables X, X, and X, in Equation 5 and T, C, and R
in Equation 6 represent the coded and the actual factors for
extraction temperature, KOH concentration, and the ratio of
solution volume to seaweed weight respectively.

The response surface plots shown in Figure 3 indicate that
the viscosity of carrageenan obtained from the extraction process
was affected by extraction temperature, KOH concentration,
and solution to seaweed ratio. The effects of interaction between
extraction temperature and KOH concentration and between
temperature and solution to seaweed ratio are also evident.
Therefore, the response surface plots for the effects of experimental
variables on the viscosity of carrageenan can be represented by
three curves which show the effect of interaction among the
experimental variables. The extraction duration factor was not
used in constructing the response surface plots since its effect
on viscosity was insignificant.

The viscosity of the carrageenan obtained in this study was
generally higher at low KOH concentration except when it was
combined with low extraction temperature. The surface plot on
Figure 3a shows that carrageenan viscosities from extractions

Viscosity (cP)

\“ &
\/ﬁ C: KOH Conc. (M)

2500 040

Figure 3. Surface plots of carrageenan viscosity at various extraction conditions. (a) KOH concentration = 0.6M and ratio = 35:1; (b) extraction
duration = 180 min. and concentration = 0.6M; (c) temperature = 90 °C and duration 180 min.
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at 0.4M KOH concentration ranged from 269-282 mPa.s while
those at 0.8M ranged from 265-272 mPa.s. Similar trend was
found from the surface plot on Figure 3¢ which shows higher
viscosities from carrageenan extracted at lower KOH concentration.
It can also be seen from Figure 3a and 3b that extraction at
lower temperature (85°C) generally produced carrageenan with
lower viscosities (262-273 mPa.s) while extraction at higher
temperature (95°C) produced carrageenan with relatively higher
viscosities (267-282 mPa.s). The effect of KOH to seaweed ratio
on viscosity seems to be marginal since the range of viscosity
obtained from experiments at lower ratio (267-276 mPa.s) was
only slightly different from the range obtained from experiments
at higher ratio (262-273 mPa.s). This is also shown from the
result of analysis of variance which indicate the insignificance
effect of the KOH to seaweed ratio.

The response surface plot on Figure 3a shows that highest
viscosity (282 mPa.s) was obtained at 95 °C extraction temperature,
0.4M KOH concentration, 180 minutes of extraction duration,
and 35:1 solution to seaweed ratio. The surface plot on Figure 3b
indicated that the highest viscosity of 274 mPa.s can be obtained
at 95 °C extraction temperature, 45:1 solution to seaweed ratio,
0.6M KOH concentration (center point), and 180 minutes of
extraction duration (center point). For the interaction between
KOH concentration and the ratio (Figure 3c), the highest viscosity
of around 277 mPa.s was obtained at KOH concentration of 0.4M,
ratio of 25:1, extraction temperature of 90 °C, and extraction
duration of 180 minutes. Results of optimization on viscosity,
indicate that optimum viscosity of 285.6 mPa.s can be achieved at
95 °C extraction temperature, 240 minute of extraction duration,
0.4M of KOH concentration, and 45:1 of solution to seaweed
ratio. At this condition, carrageenan yield and gel strength were
predicted at 59.5% and 60.57 g/cm? respectively.

3.4 Multiple-response optimization

The single-response optimizations in the previous sections
indicate that extraction condition for maximum gel strength
and viscosity was identical and only differs from the optimal
condition for maximum yield in the extraction duration aspect.
Therefore, the optimum extraction condition for multi-response
optimization (optimum extraction yield, carrageenan gel strength,
and carrageenan viscosity) will not differ significantly from
the optimum conditions obtained from the single-response
optimization. Results from the multi-response optimization
indicate that optimum yield of 59.5%, gel strength of 60.57 g/cm?,
and viscosity of 285,6 mPa.s could be obtained at 95 °C extraction
temperature, 230.5 minutes of extraction duration, 0.4M of
KOH concentration, and 45:1 of solution to seaweed ratio.
Three replicates of experimental verification at this optimum
condition gave extraction yield 59.77 + 2.27%; gel strength
60.03 + 1.64 g/cm? and viscosity 284.67 + 2.52 mPa.s.

4 Conclusions

Extraction of carrageenan from Eucheuma spinosum can be
done effectively using ohmic heating technology. The yields of
carrageenan obtained from extraction experiments were comparable
to the yields reported by other researchers in literatures. Extraction
yield can be predicted adequately using a quadratic model and
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the significant factors affecting extraction yield were extraction
temperature, extraction duration, and solution to seaweed ratio.
Carrageenan gel strength and viscosity were significantly affected
by extraction temperature, KOH concentration, and solution to
seaweed ratio. Gel strength was a linear function of temperature
and ratio and a quadratic function of KOH concentration while
viscosity was a linear function of the three factors. Optimum
condition for extraction of carrageenan from Eucheuma spinosum
using ohmic heating technology was obtained at 95 °C extraction
temperature, 230.5 minutes of extraction duration, 0.4M of
KOH concentration, and 45:1 of solution to seaweed ratio.
The overall results indicate that the passage of electric current
through the solution and the seaweeds during extraction using
ohmic heating technology did not negatively affect the quality
(gel strength and viscosity) of the carrageenan extracted from
Eucheuma denticulatum seaweed. Therefore, application of ohmic
heating technology for carrageenan extraction can become
a viable alternative since extraction yields and carrageenan
quality obtained were comparable to those produced using the
energy-inefficient and technically complicated conventional
technologies currently used in industries.
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