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A B S T R A C T

The effects of ethanol (up to 20 wt%) on the rheological properties and structural characteristics of κ-carra-
geenan gel were investigated by Field Emission Scanning Electron Microscopy (FESEM) and Small Angle X-ray
Scattering (SAXS). Both the sol-gel and gel-sol transition temperatures shifted to higher degree (from 36.8 ± 0.5
to 52.5 ± 1.4 °C and from 51.2 ± 0.6 to 67.0 ± 0.5 °C, respectively) upon 20 wt% ethanol addition
(P < 0.05). The critical relaxation exponent n and the critical gel strength Sg obtained from Winter-Chambon
criterion decreased and increased, respectively as the ethanol concentration increased. The κ-carrageenan gel
was formed due to the formation of fibrillar networks, and the fibrillar density increased upon ethanol addition
via FESEM. Moreover, upon 20 wt% ethanol addition, the average radius of gyration of κ-carrageenan strand
increased from 1.18 ± 0.03 of control to 1.55 ± 0.02 nm by SAXS. A mechanism underlying the effect of
ethanol on the κ-carrageenan gelation was proposed based on coil to double helix transition followed by the
helix aggregation.

1. Introduction

Kappa-carrageenan is a natural sulphated polysaccharide obtained
from red seaweed predominately including Chondrus, Gigartina, and
various Eucheuma species (Necas & Bartosikova, 2013). It has been
traditionally used as thickener, stabilizer, and texturing agent in food,
cosmetic, and pharmaceutical industries (Zhang et al., 2017). Recently,
κ-carrageenan has been applied in bioactive encapsulation (Xu et al.,
2014), wound healing (Aramwit, 2016), and multifunctional packaging
(Rhim, 2013) due to its distinguished biocompatibility and biodegrad-
ability.

Kappa-carrageenan forms a thermoreversible gel in aqueous solu-
tion. It is generally considered that the gelation involves two steps: the
initial random coil to helix transition and the aggregation of double
helices upon introduction of mono or double positive ions such as K+,
Na+, and Ca2+ (Şen & Erboz, 2010). Many factors affect the sol-gel
transition and the rheological and microstructural properties of the
final gel. These factors include raw source from which κ-carrageenan
was extracted (Yang et al., 2011), molecular weight (Leiter, Mailänder,
Wefers, Bunzel, & Gaukel, 2017), introduction of ions (Robal et al.,

2017), and presence of sugar and polyols (Gekko, Mugishima, & Koga,
1987).

To date, most studies on κ-carrageenan gelation are in aqueous
systems (Sow, Kong, & Yang, 2018). There are quite few investigations
on the influence of mixed water and non-aqueous solvents (e.g. ethanol
and methanol) on the rheological and microstructural properties of
polysaccharide hydrogel, although this kind of study is pretty mean-
ingful and important from both application and theoretical perspec-
tives. For example, ethanol is usually employed in hydrogel based
wound healing material primarily due to its antiseptic effect. The co-
presence of κ-carrageenan and ethanol is not rare in food and beverage
industries. Besides that, high concentrations of ethanol or methanol
(usually higher than 50wt%) are usually employed to decrease the
solubility and precipitate κ-carrageenan from aqueous extracts. How-
ever, the effect of low concentration of ethanol (~20wt%) on the sol-
gel transition of κ-carrageenan remains unknown.

Introducing ethanol or methanol is an effective way to tune solvent
quality of biopolymer aqueous system (Wang & Padua, 2010). The
addition of ethanol up to 15% increased the mechanical strength of
calcium alginate gels (Hermansson, Schuster, Lindgren, Altskär, &
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Ström, 2016). However, 20% ethanol reduced the gel strength and led
to poorly and inhomogeneously connected network morphology. As a
comparison, methanol (0–10%) impacted both the rheological proper-
ties and structural characteristics of pectin gel (Tho, Kjøniksen,
Nyström, & Roots, 2003). Low concentration of methanol facilitated the
gelation process and led to a strong gel while high concentration im-
peded gelation and caused a weak gel.

The gelation of κ-carrageenan in ethanol-water mixtures was chosen
in the current study due to the versatile applications and precisely
measurable dynamic modulus during the sol-gel and gel-sol transition.
In addition, it allows us to study the effect of ethanol on the thermo-
reversible gelation behaviour without adding any physical or chemical
crosslinkers. The aim was to study the effect of ethanol addition on κ-
carrageenan gel formation as well as gel melting. Although some

calorimetric studies related to κ-carrageenan in water-ethanol mixtures
have been found in literature (Gekko et al., 1987), the effect of ethanol
addition on its viscoelasticity and microstructure characteristics has not
been reported. In this study, the Winter-Chambon criterion was em-
ployed to understand the sol-gel transition of κ-carrageenan as affected
by ethanol addition. The Field Emission Scanning Electron Microscopy
(FESEM) and Small Angle X-ray Scattering (SAXS) were used to char-
acterise κ-carrageenan gel microstructure. The possible mechanism for
sol-gel transition affected by ethanol was also proposed and discussed.

Fig. 1. Storage modulus (G′) (solid symbols) and loss modulus (G″) (open symbols) as a function of temperature during a rheological temperature sweep at the cooling and heating rate of
1 °C/min for 2 wt% κ-carrageenan solutions with addition of (A) 0 wt% ethanol, (B) 5 wt% ethanol, (C) 10wt% ethanol, (D) 15 wt% ethanol, and (E) 20 wt% ethanol. All the standard
deviation (SD) is< 7% of the mean value.

Table 1
Sol-gel transition (Tg) and gel-sol transition (Tm) temperature, thermal hysteresis (Tm-Tg), storage modulus (G′) (1 rad/s, 20 °C), complex modulus (G*), and loss tangent tanδ (1 rad/s,
20 °C) of κ-carrageenan with 0, 5, 10, 15, and 20 wt% ethanol additions. Codes typically as “KM5” are used. KM corresponds to κ-carrageenan. Numbers 0, 5, 10, 15, and 20 are
corresponding to 0, 5, 10, 15, and 20 wt% ethanol additions, respectively.

Samples Tg (°C) Tm (°C) Tm-Tg (°C) G′ (Pa) G* (Pa) Tanδ×1000

KM-0 36.8 ± 0.5d 51.2 ± 0.6d 14.4 ± 0.3a 2620 ± 127d 3037 ± 124e 17.6 ± 0.5b

KM-5 39.6 ± 0.4d 53.5 ± 0.7d 13.9 ± 0.4a 2940 ± 135d 4850 ± 332d 20.7 ± 1.3ab

KM-10 43.4 ± 0.8c 57.6 ± 0.8c 14.2 ± 0.5a 4190 ± 134c 6254 ± 220c 20.3 ± 1.1ab

KM-15 47.7 ± 0.8b 62.3 ± 0.6b 14.6 ± 0.6a 6530 ± 230b 8448 ± 353b 23.4 ± 1.2a

KM-20 52.5 ± 1.4a 67.0 ± 0.5a 14.5 ± 0.7a 8920 ± 150a 13,138 ± 430a 24.4 ± 0.7a

Values are demonstrated as mean ± SD (n=3).
Different letters in the same column represent significant difference according to SPSS LSD test (P < 0.05).
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2. Materials and methods

2.1. Materials

κ-carrageenan powder (molecular weight of 300–400 kDa and
composed ≥93% of κ-carrageenan as reported by the supplier) was
obtained from Sigma Aldrich (Singapore). Ethanol (purity: 99.9 wt%)
was obtained from Merck, USA. All raw materials were used without
purification.

2.2. Sample preparation

A fixed mass of κ-carrageenan powder was dissolved respectively in
ethanol-water containing 0, 5, 10, 15, and 20wt% of ethanol under
mild magnetic stirring at 80 °C in capped glass vials until the powder
was fully swollen and solubilised to form homogeneous solution (Yang,

Yang, & Yang, 2018). The κ-carrageenan concentration in solution was
constant, i.e. 2 wt%.

2.3. Rheological measurements

All the rheological measurements were conducted on a rotational
stress controlled MCR 102 rheometer (Anton Paar GmbH, Graz, Austria)
equipped with a stainless steel cone-and-plate geometry possessing a
cone angle of 1° and diameter of 60mm (truncated gap size: 210 μm).
The bottom plate was preheated to 80 °C before sample loading. A great
care was taken to improve the reproducibility of the test and minimise
the shear effect. For example, all the hot κ-carrageenan solutions were
slowly poured into the bottom plate and relaxed for 10min at 80 °C to
destroy all the possible helical structures (Yang et al., 2018). To prevent
water evaporation, a thin layer of sunflower oil was used to cover the
free surface of samples. Strain sweep measurement in the range of

Fig. 2. Dependence of storage modulus G′ (solid symbols) and loss modulus G″ (open symbols), as a function of angular frequency ω (rad/s) at different temperatures for 2 wt% κ-
carrageenan solutions with addition of (A) 0 wt% ethanol, (B) 5 wt% ethanol, (C) 10 wt% ethanol, (D) 15 wt% ethanol, and (E) 20 wt% ethanol. To avoid overlapping, the data were
shifted vertically by a factor of 10a. All the standard deviation (SD) is< 5% of the mean value.
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0.1–10,000% at angular frequency 1 rad/s was performed to determine
the Linear Viscoelastic Region (LVR) of the samples in both solution and
gel states. The following three rheological characterisation protocols
were applied to examine the rheological evolution of κ-carrageenan
solutions. Each measurement was repeated in triplicate.

2.3.1. Temperature sweep
To study the changes in viscoelasticity as a function of temperature,

the samples were subject to a temperature sweep from 80 to 20 °C, held
at 20 °C for 5min, and then heated up to 80 °C (Nieto, Wang, Ozimek, &
Chen, 2016). The gelation and melting temperature was defined as the
temperature where G′=G″ or tan δ (G″ / G′)=1 (Li et al., 2018). The
cooling and heating rate was set at 1 °C/min with a fixed strain of 1%
and angular frequency of 1 rad/s.

2.3.2. Frequency sweep test
The frequency sweep (100–1 rad/s) was conducted at various tem-

peratures near sol-gel transition temperature obtained in protocol 2.3.1
at a constant strain of 1% within Linear Viscoelastic Region (LVR) re-
lating to the ethanol concentration.

As described in the Section 2.3.1, the gel point can be identified by
the temperature at the crossover of storage modulus G′ and loss mod-
ulus G″ using temperature sweep measurement. However, the gel
temperature determined using this protocol is strongly dependent on
the frequency and cooling rate employed (Liu, Li, Tang, Bi, & Li, 2016).
The more accurate way to resolve the frequency independent gel tem-
perature was proposed by Winter's and his colleagues that at the gelling
point, both G′ and G″ demonstrate the power-law dependence of

frequency (Chambon & Winter, 1985, 1987):
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where tanδ and n are the loss factor and critical relaxation exponent,
respectively. The gel point also named as “Winter-Chambon criterion”
was determined at which the loss factor was independent of frequency
(Tho et al., 2003).

The critical relaxation exponent n depends on its relationship with
fractal dimension df. Assuming that the variation of the excluded vo-
lume effect is induced by the change of strand length between cross-
linking points, Muthukumar (1989) developed a theoretical model to
describe the relationship between n and fractal dimension df:
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where d (d=3) is the space dimension and df is the fractal dimension.
Apart from n and df, another important parameter to depict the

critical gel property is the critical gel strength Sg, which was derived
from the power law behaviour of the shear relaxation modulus G(t) at
the critical gelation point:

G t=(t) Sg
n‐ (4)

The physical meaning of Sg is the relaxation modulus at the gel point
when the relaxation time t equals 1 s and relates to the gel strength at

Fig. 3. Dependence of loss tangent, tanδ, as a function of temperature at different angular frequencies (rad/s) as depicted for 2 wt% κ-carrageenan solutions with addition of (A) 0 wt%
ethanol, (B) 5 wt% ethanol, (C) 10 wt% ethanol, (D) 15 wt% ethanol, and (E) 20 wt% ethanol. All the standard deviation (SD) is< 5% of the mean value.
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gel point. Sg can be calculated from the following equation when G′ or
G″ is known at the gel point:

′ = ″ ⎛
⎝

⎞
⎠

= − ⎛
⎝

⎞
⎠

G ω G ω nπ S ω n nπ( ) ( )/tan
2

Γ(1 ) cos
2g

n
(5)

where Γ(1− n) is the Gamma function.
Furthermore, the complex modulus G* can be obtained by.

= ′ + ″∗G G G( )2 2 0.5 (6)

2.3.3. Small deformation oscillatory shear rheology
Frequency sweep was employed to evaluate the small deformation

viscoelasticity of κ-carrageenan/water/ethanol system below its sol-gel
transition point at 20 °C. To initiate gel formation, the temperature was
declined from 80 to 20 °C at 1 °C/min. During gelation, time sweep
measurement was conducted at a constant angular frequency 1 rad/s
with a constant strain 1% to examine gelation evolution for 5 h. After
that, the frequency sweep measurement was performed and G′ and G″
were measured as a function of angular frequency from 100 to 0.1 rad/s
at 20 °C. The complex modulus was calculated by the Eq. (6). All
rheological measurements were performed within a predetermined
Linear Viscoelastic Region (LVR) through preliminary strain sweep
measurement with fixed strain amplitude at 1% (Yang et al., 2015).

2.4. SAXS

Synchrotron SAXS measurements were carried out on the beamline
BL16B1 at the Shanghai Synchrotron Radiation Facility (SSFR,
Shanghai, China) at room temperature (~25 °C). The κ-carrageenan
solutions were transferred in a multiple position sample holder sealed
with Kapton tapes on both sides, and left for 12 h at 20 °C to ensure that
the gel was fully developed before SAXS measurement. All the data
collected were background subtracted from the scattering of Kapton
tapes and solvents and processed using FIT2D software (http://www.
esrf.eu/computing/scientific/FIT2D/).

Symbols q and I (q) stand for the scattering vector and scattering
intensity (unit is a.u.), respectively. The sample-to-detector distance
was set such that the detecting range q was between 0.8 and 1.8 nm−1

and =q π θ
λ

4 sin (where 2θ is the scattering angle and λ=1.24 Å is the X-
ray wavelength). The cross-sectional radius (Rc) was calculated based
on previous reports on the condition that qmaxRc < 1 (Stokke et al.,
2000; Yang et al., 2018).

2.5. FESEM

The microstructures of κ-carrageenan/water/ethanol hydrogels
were characterized using a FESEM (JSM-6701F, JEOL, Japan) with
accelerating voltage 5 kV. The hydrogel samples were freeze dried at
−80 °C for 5 days and sputtered with platinum on the surface under
vacuum before FESEM characterisation. Each sample was prepared in
duplicate and at least three representative areas from the same sample
were examined.

2.6. Statistical analyses

All the experiments were performed in triplicate and the results

Fig. 4. Dependence of (A) the critical relaxation exponent n (square) and fractal di-
mension df (sphere) and (B) the critical gel strength Sg with ethanol concentration.

Fig. 5. (A) Dynamic viscoelastic storage modulus G′ (solid symbols) and loss modulus G″ (open symbols) as a function of frequency for κ-carrageenan gel with various amounts of ethanol
additions, (B) The complex modulus G* (triangle) and tan δ (circle) at 1 rad/s as a function of ethanol addition. Ethanol concentrations are: 0% (■,□); 5% ( , ); 10% ( , ); 15% ( , );
20% ( , ). All measurements were taken at 20 °C. All the standard deviation (SD) is< 8% of the mean value.
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were expressed as mean ± standard deviation (SD). Analysis of var-
iance (ANOVA) using the Least Significant Difference (LSD) test for
mean comparisons was performed using the SPSS package 21.0
(Chicago, IL, USA). The significance was set at P < 0.05.

3. Results

3.1. Thermoreversible behaviour of various κ-carrageenan hydrogels

The influence of temperature on the sol-gel and gel-sol transitions of
κ-carrageenan hydrogels containing various amounts of ethanol is
shown in Fig. 1. At high temperatures, G″ was greater than G′. Upon

Fig. 6. FESEM images of 2 wt% κ-carrageenan hydrogels with various amounts of ethanol additions. Gels were freeze-dried prior to analysis.

Fig. 7. (A) Kratky plots of the SAXS scattering profiles of
2 wt% κ-carrageenan solutions with various amounts of
ethanol additions and the SAXS profiles I (q) (insert). (B)
Cross-sectional Guinier plots of the SAXS profiles. The red
solid line indicates the Guinier region. (For interpretation
of the references to colour in this figure legend, the reader
is referred to the web version of this article.)
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cooling, both G′ and G″ increased marginally. However, with continued
cooling, G′ increased significantly faster than G″ and at certain point,
crossover of G′ and G″ occurred. The crossover at 36.8 ± 0.5 °C,
39.6 ± 0.4 °C, 43.4 ± 0.8 °C, 47.7 ± 0.8 °C, 52.5 ± 1.4 °C was
identified as sol-gel transition temperature (Tg) for κ-carrageenan
containing 0, 5, 10, 15, and 20wt% ethanol, respectively (Table 1). In
general, Tg increased as ethanol concentration increased (P < 0.05)
although there was no significant difference between sole κ-carra-
geenan samples and that containing 5 wt% ethanol (P > 0.05). The G′
values at the lowest temperature 20 °C increased from 2620 ± 127 to
8920 ± 150 Pa when ethanol concentration increased to 20 wt%
(P < 0.05) (Table 1).

In the subsequent heating process, the gel network was destroyed as
demonstrated by the reduction of both G′ and G″. The reduction rate of
G′ with temperature was faster than that of G″. Thus, crossover of G′
and G″ occurred again where the temperature was defined as the cri-
tical temperature and considered as the gel-sol transition or melting
temperature (Tm). The Tm increased from 51.2 ± 0.6 °C to
67.0 ± 0.5 °C with ethanol increased to 20 wt% (P < 0.05) (Table 1),
although 5wt% of ethanol had no significant impact on Tm (P > 0.05).
If the temperature difference between Tg and Tm was defined as thermal
hysteresis ΔT, ΔT was determined to be 14.4 ± 0.3 °C, 13.9 ± 0.4 °C,
14.2 ± 0.5 °C, 14.6 ± 0.6 °C, and 14.5 ± 0.7 °C for κ-carrageenan
containing 0, 5, 10, 15, and 20wt% ethanol, respectively (Table 1).
Apparently, ethanol addition had no significant impact on ΔT
(P > 0.05).

3.2. Critical viscoelastic behaviour of various κ-carrageenan hydrogels at
sol-gel transition

Fig. 2 illustrates G′ and G″ as a function of frequency at various
temperatures near sol-gel transition temperature, showing how κ-car-
rageenan solutions transited from liquid to solid-like gels. At high
temperature such as 39 °C, G″ dominated over G′ within the full angular
frequency range. When the temperature was decreased, e.g. around
38 °C, G′ and G″ were nearly parallel with each other and exhibited a
similar power law dependence with frequency. With further tempera-
ture decrease to 36 °C, G′ began to crossover with G″ and finally G′
dominated over G″ in the entire frequency range. Overall, the κ-carra-
geenan containing different amounts of ethanol showed a similar be-
haviour.

In order to apply the Winter-Chambon criterion to determine the
critical gelation temperature, the critical loss factor tan δ was plotted
versus the gelling variable, at various angular frequencies (Fig. 3). The
gel points were determined from the frequency-independent points of
these multi-frequency plots. For all the samples, the multifrequency
curves crossed at certain temperatures, which were defined as the cri-
tical gelation temperature and which were 37.6 ± 0.3 °C,
39.4 ± 0.5 °C, 43.8 ± 0.5 °C, 48.0 ± 0.6 °C, and 53.2 ± 0.7 °C for

the κ-carrageenan gels containing 0, 5, 10, 15, and 20wt% ethanol,
respectively. With the known critical gelation temperature, the critical
loss factor that corresponds to it was identified (Fig. 3). With ethanol
increased from 0 to 20wt%, the critical relaxation exponent n de-
creased from 0.76 ± 0.05 to 0.56 ± 0.03 (P < 0.05) (Fig. 4A).
However, the fractal dimension df increased from 1.63 ± 0.04 to
1.91 ± 0.02, and Sg increased from 0.16 ± 0.02 to 1.04 ± 0.01 Pa
with ethanol concentration increased to 20 wt% (P < 0.05) (Fig. 4).

3.3. Small deformation viscoelasticity of various κ-carrageenan hydrogels

The κ-carrageenan gels with various amounts of ethanol did not
reach equilibrium, showing a continuously increasing G' over 5 h (Fig.
S1). However, at long gelation time, i.e., 5 h, the gelation kinetics re-
mained at a low level, becoming appropriate for frequency sweep
measurement.

The G′ and G″ as a function of frequency for various κ-carrageenan
hydrogels is demonstrated in Fig. 5A. For all the samples, G′ dominated
over G″ by approximately 100 times in the full frequency range. In
addition, both G′ and G″ were nearly independent of frequency in the
range between 100 and 0.1 rad/s. Moreover, G′ and G″ increased with
increased amount of ethanol. The complex modulus G* which took into
consideration of both G′ and G″ increased nearly linearly with the ad-
dition of ethanol up to 20 wt% (P < 0.05) (Fig. 5B), indicating a
strengthening effect of ethanol on the κ-carrageenan hydrogel network.
Among all the ethanol concentrations, the value of tan δ at 1 rad/s was
much smaller than 0.1 and increased slightly from 0.018 to 0.024 at
20 wt% of ethanol (Fig. 5B and Table 1).

3.4. FESEM characterisation

The microstructures of κ-carrageenan gels with various amounts of
ethanol after freeze drying are illustrated in Fig. 6. At 5 wt% ethanol,
the overall microstructures of the κ-carrageenan hydrogel didn't change
as compared to sole κ-carrageenan hydrogel. It showed interconnected,
porous, cell wall-like structures with relatively large open area (voids)
in between, characteristic of κ-carrageenan gels. However, the gel
morphology changed as the ethanol concentration increased from 5wt
% to 20wt%. With 15wt% and 20wt% ethanol, finely and densely
packed κ-carrageenan strands closely resembled in the gel matrices
were observed.

3.5. SAXS analysis

Fig. 7A shows the Kratky plots of κ-carrageenan gels and their
corresponding SAXS patterns. A peak was observed in the Kratky plots,
which shifted to lower q as ethanol concentration increased. To quan-
tify the junction zone dimensions induced by network aggregation,
cross-sectional Guinier plots (ln (qI(q)) vs. q2) were employed to obtain

Fig. 8. A schematic illustration of the sol-gel transition of κ-carrageenan hydrogels as affected by ethanol addition.
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cross-sectional radius (Rc) of κ-carrageenan chains (Fig. 7B). Given that
the κ-carrageenan molecule had a rigid cylinder structure, of which the
Rc was much smaller than the length, as revealed by X-ray diffraction
studies. As a result, Rc was 1.18 ± 0.03 nm (0wt% ethanol),
1.41 ± 0.04 nm (10 wt% ethanol), and 1.55 ± 0.02 nm (20 wt%
ethanol).

4. Discussion

The gel points can be determined from the frequency-independent
points of multi-frequency plots (Liu, Bao, & Li, 2016; Wu, Cui, Eskin, &
Goff, 2009). When increased temperature to a certain level, G″ ex-
ceeded G′ demonstrating that the system was transformed into viscoe-
lastic liquid (Lu, Liu, Dai, & Tong, 2005), which might be attributed to
the loss of double helical structures (Zhu et al., 2008). Vice versa, when
decreased to 36 °C, G′ began to crossover with G″ and finally G′ turned
to dominate over G″ (Cuvelier & Launay, 1990).

From the temperature sweep measurement, Tg, Tm and G′ (1 rad/s)
at 20 °C increased considerably with increased ethanol concentration
(Fig. 1 and Table 1), which is consistent with previous report (Gekko
et al., 1987). The presence of ethanol (> 5wt%) might increase the
stability of the gel networks which required more thermal energy to
deteriorate, leading to increased Tm (Liu, Huang, & Li, 2016). For all the
κ-carrageenan gels, Tg was lower than Tm, which is the origin of the
hysteresis behaviour during coil-helix and helix-coil transition loops.
The transition from coils to helixes is more energetically feasible and
occurs at lower temperature; however, the dissociation of helices to
coils needs more energy, thus requiring higher temperature (Tari, Kara,
& Pekcan, 2009).

The critical gelation temperature obtained by the Winter-Chamber
criterion agreed well with the Tg obtained from crossover of G′ and G″.
Similar result has been found in κ-carrageenan/Ca2+ systems (Liu & Li,
2016). Meanwhile, the relaxation exponent n changes from 0 to 1 along
with the phase angle δ varying from π/2 to 0. More specifically, n=1
suggests a fully viscous liquid while n=0 indicates a completely elastic
solid. Therefore, the decrease of n with increased ethanol suggested that
the sol-gel transition occurred near elastic solid or far from viscous li-
quid. These findings agree well with previous reports including pectin/
methanol (Tho, Kjøniksen, Knudsen, & Nyström, 2006) and alginate/
Ca2+ (Liu & Li, 2016). The enhanced gel strength of gels containing
added chemicals such as methanol was ascribed to the favourable for-
mation of intermolecular associations and hydrogen-bonded complexes
between the gel reagent and the added chemical (Tho et al., 2006).

In the current study, the structure of κ-carrageenan gels containing
ethanol was revealed by the frame work of fractal dimension df and
critical gel strength Sg. The greater value of df, the compacter and
denser structures that materials possess (Beaucage, 1996). Therefore,
the greater df observed in κ-carrageenan containing larger amount of
ethanol suggested that ethanol strengthened κ-carrageenan gel net-
work. This result is similar as previous report about pectin added with
methanol (Tho et al., 2006). In terms of Sg, it has been suggested that it
is related to the amount and/or size of gel network junctions (Liu & Li,
2016). Thus, the increased Sg by ethanol indicated more gel network
junctions were formed in κ-carrageenan gel added with ethanol than
sole κ-carrageenan gel, which contributed to a greater gel strength. This
result agrees with the previously reported κ-carrageenan hydrogel/
Ca2+ system (Liu & Li, 2016).

The strengthening effect of ethanol on κ-carrageenan gel was also
confirmed by small oscillatory deformation study (Fig. 5A), which
showed G* increased with increased amount of ethanol. Moreover, all
the tan δ values were smaller than 0.1, indicating that all the κ-carra-
geenan gels contained a strong gel network (Lapasin, 1995). The slight
increase of tan δ by increased amount of ethanol suggested that ethanol
slightly facilitated the conversion of G″ to G*. However, the mechanism
underlying the slight increase of tan δ induced by ethanol is still not
clear and needs further study.

The rheological results suggested that ethanol addition promoted
the sol-gel transition and further aggregated κ-carrageenan helices,
thereby promoting the gel network strength. The similar phenomenon
was also found in alginate gel/Ca2+ aqueous solution added with
ethanol (Hermansson et al., 2016) and pectin gel added with methanol
(Tho et al., 2003).

The microstructure of κ-carrageenan gels via FESEM was consistent
with their rheological properties. This structure relates to the me-
chanical strength of gel (Hu, Lu, Zhao, & Matsukawa, 2017; Miyabe
et al., 2017). For κ-carrageenan hydrogel without containing ethanol,
an interconnected, porous, cell wall-like structure formed, which is
characteristic of κ-carrageenan gels and might be formed during freeze
drying (Denef, Mischenko, Koch, & Reynaers, 1996; Hilliou, Wilhelm,
Yamanoi, & Gonçalves, 2009; Lorén et al., 2009). The gel network can
be facilitated by elongation and rearrangement of the polymer chain
(Joly-Duhamel, Hellio, Ajdari, & Djabourov, 2002). Typical character-
istic of strong gel networks shows solid-like behaviour (Kavanagh &
Ross-Murphy, 1998; Yang et al., 2016).

The denser and compacter fibrillar structures in κ-carrageenan gels
containing 15wt% and 20wt% ethanol correlated well with their
greater df values. SAXS exhibits a great advantage on determining the
nanostructures of hydrogels in their natural state so that the compli-
cations of sample preparation procedures such as drying and oxidative
dyeing are avoided (Hollamby, 2013).

The peak shown in the recorded q-range in all the Krathy plots
suggested a three-dimensional mass fractal system composing of mo-
lecular aggregates was developed in all the κ-carrageenan gels
(Hermansson et al., 2016; Hirun, Tantishaiyakul, Sangfai, Rugmai, &
Soontaranon, 2016). The similar Kratky plots of hydrogels induced by
molecular structure aggregation and interconnection have also been
reported in other biopolymer hydrogels such as Ca2+-Alginate gel
(Stokke et al., 2000) and pectin gel (Schuster, Cucheval, Lundin, &
Williams, 2011). Upon increasing ethanol addition, the peak of the
Kratky plot was shifted to smaller q-values. This together with the cross-
sectional Guinier analysis implied the formation of junctions of greater
size and cross-sectional radii, a result caused by helices association and
aggregation (Teodorescu, Morariu, Bercea, & Sacarescu, 2016).

Based on the rheological and microstructural results, a schematic
mechanism for the effect of ethanol on the gelation of κ-carrageenan gel
was proposed (Fig. 8). It is generally considered that the gelation of κ-
carrageenan solution involves two steps: the coil to double helix tran-
sition and the subsequent aggregation of the helices (Pedersen, 1980).
When ethanol is introduced to κ-carrageenan aqueous solution, the
strongly favourable hydration of ethanol in bulk aqueous phase might
exclude water from the surrounding of κ-carrageenan molecules
(Oakenfull, 2000), leading to reduced average amount of water mole-
cules in the surrounding of κ-carrageenan molecules. The decreased
water population deteriorates κ-carrageenan-water interactions,
thereby making κ-carrageenan aggregate with their neighbourhood
strands (Stenner, Matubayasi, & Shimizu, 2016). Additionally, cross-
linking hydrogen bonds might be formed between the equatorial-OH
groups of polyols and κ-carrageenan molecules (Ramakrishnan &
Prud'homme, 2000), promoting the junction formation and aggrega-
tion. With increasing ethanol concentrations, more self-associations and
coil-helix transitions of κ-carrageenan are expected to occur to form
large junctions or aggregates, resulting in formation of denser and
stronger gel networks.

5. Conclusions

When κ-carrageenan solutions were added with ethanol, with in-
creased amount of ethanol, the Tg, Tm, df, Sg and G* all increased while
n decreased. All the κ-carrageenan gels formed strong gel networks
demonstrating solid-like behaviour. The microstructure, as revealed by
FESEM, of gels containing both 15wt% and 20 wt% ethanol exhibited
denser, finer, and compacter networks with less voids than κ-
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carrageenan gel without ethanol or containing 5 wt% ethanol.
Complementary to FESEM, SAXS analysis revealed that the average
cross-sectional radii of κ-carrageenan strand increased upon ethanol
addition. The rheology and microstructural results suggested that in-
clusion of ethanol up to 20 wt% facilitated κ-carrageenan gel formation
and improved the gel strength by increasing the κ-carrageenan junction
size and numbers.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.foodres.2018.03.016.
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