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1  | INTRODUCTION

Sea tangle (Saccharina japonica) is an edible brown alga that be‐
longs to the class Phaeophyceae and is regarded as a good source 
of health‐promoting substances, such as dietary fiber, protein, 
carotenoids, vitamins, essential fatty acids, and minerals (Lee et 
al., 2010). It has been consumed as a traditional functional food, 
especially by pregnant women and children, since ancient times 
in Pacific and Asian countries, including Korea, Japan, and China 

(Kang et al., 2012). Sea tangle is known to possess various biolog‐
ical and nutraceutical properties, such as antitumor and anticoag‐
ulant (Haroun‐Bouhedja, Ellouali, Sinquin, & Boisson‐Vidal, 2000), 
antiproliferative (Yuan & Walsh, 2006), and antioxidant activities 
(Wang, Zhang, Zhang, & Li, 2008). Sulfated polysaccharides, such 
as fucoidans, are recognized as the major active compounds in sea 
tangle. The alga also contains γ‐aminobutyric acid (GABA), a non‐
protein amino acid that acts as a major inhibitory neurotransmitter 
and is known to have beneficial physiological properties, such as 
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Abstract
The moisture sorption characteristics of Lactobacillus brevis‐fermented sea tangle 
powder	were	investigated.	Moisture	sorption	isotherms	were	prepared	at	4,	25,	and	
37°C in a water activity (aw) range of 0–0.96 and exhibited typical J‐shaped type III 
sorption characteristics, most likely due to the high carbohydrate content (65.7%) of 
the powder. The fermented sea tangle powder had greater moisture sorption capac‐
ity than those reported for other seaweeds, and changed to rubbery or liquid states 
when stored at aw > 0.5. The Peleg and GAB models accurately described the sorp‐
tion isotherms, and the monolayer moisture contents were 0.176–0.443 g water/g 
dry matter. The moisture sorption was an exothermic, enthalpy‐driven, spontaneous 
process, and the enthalpy–entropy compensation existed with an isokinetic tempera‐
ture of 448.1 K. The net isosteric heat of moisture sorption exponentially decreased 
from 15.02 to 0.49 kJ/mol as the equilibrium moisture content increased from 0.02 
to 1.29 g water/g dry matter.
Practical applications
Sea tangle is known to possess various biological and nutraceutical properties, such 
as antitumor and anticoagulant, antiproliferative, and antioxidant activities, which is 
commercially available in Pacific and Asian countries as a traditional functional food. 
The present study investigating information of moisture sorption characteristics of 
L. brevis‐fermented sea tangle powder will be useful to understand its strongly hy‐
groscopic nature and resulting low storage stability, which limits the easy and con‐
venience of its handling and application. The information also will be important for 
improving its shelf life and retaining quality across postharvest processing.
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hypotensive, diuretic, and tranquilizing activities (Lee et al., 2010). 
Lee et al. (2010) reported that the amount of GABA in sea tangle in‐
creased approximately 100 times when the alga was fermented with 
a probiotic bacterium, Lactobacillus brevis. Sea tangle fermented with 
L. brevis is now commercially available as a spray‐ or freeze‐dried 
powder	(Marine	Bioprocess,	2018).	However,	its	strong	hygroscopic	
nature, and the resulting low stability during processing, handling, 
and storage, greatly limit use of the powder for the development of 
functional food products. Therefore, it is essential to improve under‐
standing of the moisture sorption characteristics of the powder, to 
promote and broaden its applications.

The moisture sorption characteristics of several algae have been 
reported, including those of brown algae, such as Fucus vesiculosus 
(Moreira,	 Chenlo,	 Sineiro,	 Arufe,	 &	 Sexto,	 2016)	 and	Bifurcaria bi‐
furcate	 (Moreira,	Chenlo,	Sineiro,	Sánchez,	&	Arufe,	2016),	and	red	
algae, such as Kappaphycus alvarezii	(Senthil,	Mamatha,	Vishwanath,	
Bhat, & Ravishankar, 2011), Gracilaria (Lemus et al., 2008), and 
Gelidium sesquipedale	 (Mohamed	et	al.,	2005).	Only	K. alvarezii was 
prepared as a powder for the analysis of its sorption characteristics; 
the other algae that were studied were analyzed in their raw form 
or	 in	 small	pieces.	Most	of	 the	algae	demonstrated	 J‐shaped	 type	
III moisture sorption isotherms between approximately 5 and 65°C; 
however, F. vesiculosus demonstrated either a type III isotherm or 
a sigmoid‐shaped type II isotherm, depending on the temperature 
(Moreira,	Chenlo,	Sineiro,	Arufe,	et	al.,	2016).	 In	general,	 the	algae	
were found to have an equilibrium moisture content (Xeq) of about 
0.1–0.2 g water/g dry matter at water activity (aw) below about 0.6–
0.7, and exhibited sudden increases in Xeq up to about 0.65–1.20 g 
water/g dry matter when the aw was increased to about 0.9. Halsey, 
Guggenheim–Anderson–de Boer (GAB), and modified Brunauer–
Emmett–Teller (BET) models have been successfully used to describe 
the moisture sorption isotherms of the algae. The net isosteric heat 
of sorption of water (qst) values measured for F. vesiculosus, B. bifur‐
cate, and G. sesquipedale revealed a trend toward an exponential de‐
crease as the Xeq	increased	(Mohamed	et	al.,	2005;	Moreira,	Chenlo,	
Sineiro,	 Arufe,	 et	 al.,	 2016;	 Moreira,	 Chenlo,	 Sineiro,	 Sánchez,	 et	
al., 2016). Thermodynamic analyses revealed that moisture sorp‐
tion was an enthalpy‐driven process for F. vesiculosus and B. bifur‐
cate	(Moreira,	Chenlo,	Sineiro,	Arufe,	et	al.,	2016;	Moreira,	Chenlo,	
Sineiro,	Sánchez,	et	al.,	2016).

The objectives of this study were to (a) experimentally determine 
the moisture sorption isotherms of L. brevis‐fermented sea tangle 
powder at 4, 25, and 37°C and an aw of 0–0.96 to understand its high 
moisture susceptible nature, which limits the easy and convenience 
of its handling and application; (b) mathematically interpret the sorp‐
tion isotherms using several empirical and semiempirical models, to 
understand the sorption mechanism and predict Xeq at a given aw and 
temperature (where Xeq is a key parameter determining the storage 
conditions for applications of the powder); and (c) determine the net 
isosteric heat (qst), entropy (ΔS), Gibbs free energy (ΔG), and isoki‐
netic temperature (Ti) of the moisture sorption to characterize the 
thermodynamic nature of the moisture sorption of the fermented 
sea tangle powder.

2  | MATERIALS AND METHODS

2.1 | Materials

Fresh sea tangle (S. japonica) was purchased from Food & Food Co., Ltd. 
(Busan, Korea). Sea tangle powder fermented with L. brevis was sup‐
plied	by	Marine	Bioprocess	Co.,	Ltd.	(Busan,	Korea).	Phosphorus	pen‐
toxide (P4O10), lithium chloride (LiCl), potassium acetate (CH3COOK), 
magnesium	 chloride	 (MgCl2), potassium carbonate (K2CO3), magne‐
sium	 nitrate	 (Mg(NO3)2), potassium iodide (KI), ammonium sulfate 
((NH4)2SO4), and potassium nitrate (KNO3) were purchased from 
Samchun Pure Chemical Co. Ltd. (Seoul, Korea).

2.2 | Preparation of sea tangle powder

L. brevis‐fermented sea tangle powder was prepared according to 
the method of Kang, Qian, Lee, and Kim (2011). Briefly, sea tan‐
gle was rinsed with fresh water to eliminate foreign materials, and 
then soaked in twice the volume of water for 1 hr for desalinization. 
Desalinized sea tangle was dried at 60°C for 24 hr in a drying oven, 
and then ground using a grinder mill to prepare powder. The sea tan‐
gle powder was added to water at a ratio of 1:15 (w/v) with 3% (w/w) 
rice flour to aid in fermentation. Next, the mixture was autoclaved at 
121°C for 30 min. L. brevis BJ20 (KCTC 11377BP) was cultured in de 
Man–Rogosa–Sharpe	(MRS)	broth	at	37°C	for	24	hr.	The	culture	was	
used to inoculate the sea tangle solution at a concentration of 2% 
(v/v), and the inoculated solution was incubated at 37°C for 24 hr. 
Fermented sea tangle solution was filtered (0.1 μm filter) and freeze‐
dried	(FD‐550;	Tokyo	Rikakikai	Co.,	Ltd.,	Tokyo,	Japan)	at	−20°C	for	
48 hr with a vacuum pressure less than 5 Pa. The freeze‐dried, fer‐
mented sea tangle powder was finely ground using a blender and 
stored	at	−4°C	until	further	use.

2.3 | Proximate analysis

Proximate compositions of sea tangle powders before and after fer‐
mentation	were	analyzed.	Moisture	content	was	estimated	by	drying	
at 105°C for 4 hr (AOAC method 934.06, 2000). Protein content was 
determined using the Kjeldahl method with a conversion factor of 6.25 
(AOAC method 979.09, 2000). Lipid content was analyzed using the 
gravimetric Soxhlet method (overnight extraction after oven drying at 
80°C) (AOAC 960.39, 2000). Ash content was measured by heating 
the samples overnight in a muffle furnace at 550°C (AOAC method 
923.03, 2000). Carbohydrate content was determined by calculat‐
ing the difference from 100%. Salinity content was determined using 
Mohr's	method	with	silver	nitrate	titration	(Keup	&	Bayless,	1964).	All	
analyses were performed in triplicate.

2.4 | Particle size measurement

The particle size of sea tangle powders before and after fermen‐
tation was determined using a laser diffraction particle size ana‐
lyzer (Cilas 1190; Cilas, Orléans, France) and expressed in μm as 
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volume‐weighted mean diameter (d4,3), which was calculated using 
the following equation:

where ni is the number of particles of class i and di is the diameter of 
class i. The span value, which is a polydispersity index of particle size 
distribution, was also calculated for the sea tangle powders using the 
following equation:

where d10, d50, and d90 are the diameters of the powders at 10%, 
50%, and 90% cumulative volume in particle size distribution, re‐
spectively. The d4,3 and span values were calculated using SizeExpert 
software (ver. 9.51; Cilas).

2.5 | Determination of moisture sorption isotherms

Moisture	 sorption	 isotherms	 of	 the	 fermented	 sea	 tangle	 powder	
were determined by the gravimetric method at 4, 25, and 37°C. Nine 
saturated salt solutions were separately prepared by dissolving suf‐
ficient amounts of salt in deionized water, placed in glass desiccators, 
and equilibrated in a temperature‐controlled chamber (HB‐103LP; 
Hanbaek Scientific Co., Bucheon, Korea) at 4, 25, or 37°C for at least 
24 hr to obtain a range of aw from zero to about 0.92–0.96, depend‐
ing on temperature (Table 1). The powder samples (2 ± 0.001 g) were 
evenly spread on pre‐weighed aluminum dishes and placed in the 
equilibrated desiccators. Thymol (30 g in a 50 ml beaker) was placed 
inside the high aw (>0.67) desiccators to prevent microbial growth. 
The desiccators were placed in the temperature‐controlled cham‐
ber at 4, 25, or 37°C. The sample‐containing dishes were weighed 
two	times	per	day	using	a	precision	balance	(ME204;	Mettler‐Toledo,	
Columbus, OH, USA) with an uncertainty of 0.0002 g until the 
weight loss or gain was lower than 0.001 g. The equilibrium moisture 
contents (Xeq) of the samples were determined according to AOAC 
method 934.06 (2000) with drying at 105°C for 24 hr using a con‐
vectional	drying	oven	 (HB‐501M;	Hanbaek	Scientific	Co.),	 and	 the	
values were reported as an average of triplicates. For comparison 
purpose, the moisture sorption isotherm of non‐fermented sea tan‐
gle powder was also determined at 25°C.

2.6 | Modeling of moisture sorption isotherms

Moisture	sorption	isotherm	data	were	fitted	with	eight	types	of	em‐
pirical or semiempirical models (Table 2) to understand the sorption 
mechanism and predict Xeq at given aw and temperature. The param‐
eters of the models were obtained by nonlinear regression analy‐
sis using SPSS software (ver. 20.0; SPSS Inc., Chicago, IL, USA). The 

goodness of fit of each model was evaluated by calculating the coef‐
ficient of determination (R2), the standard error (SE), and the mean 
relative percentage deviation modulus (Mr):

where Yi and Ypi are experimental and predicted values of Xeq, re‐
spectively, df is the degree of freedom of regression model (N minus 
number of constants in model), and N is the population of experi‐
mental data. Residual plots of some models for the moisture sorp‐
tion data were also determined. An R2 value above 0.98 and the 
Mr value below 10% generally indicate a reasonable fit (Lomauro, 
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TA B L E  1   Water activities of saturated salt solutions at 4, 25, 
and 37°C (Greenspan, 1977)

Saturated salt solution

Temperature (°C)

4 25 37

Phosphorus pentoxide (P4O10) 0.000 0.000 0.000

Lithium chloride (LiCl) 0.115 0.113 0.111

Potassium acetate (CH3COOK) 0.235 0.225 0.204

Magnesium	chloride	(MgCl2) 0.331 0.328 0.319

Potassium carbonate (K2CO3) 0.433 0.432 0.431

Magnesium	nitrate	(Mg(NO3)2) 0.590 0.529 0.488

Potassium iodide (KI) 0.735 0.689 0.674

Ammonium sulfate ((NH4)2SO4) 0.804 0.802 0.797

Potassium nitrate (KNO3) 0.960 0.936 0.919

TA B L E  2  Models	used	to	describe	moisture	sorption	isotherms	
of	probiotic‐fermented	sea	tangle	powder	(Bejar,	Mihoubi,	&	
Kechaou,	2012;	Iglesias,	2012;	Maroulis	et	al.,	1988)

Model Mathematical expression

GAB Xeq=X0CKaw∕
[(
1−Kaw

) (
1−Kaw+CKaw

)]

BET Xeq=X0Caw∕
[(
1−aw

) (
1+
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)
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Halsey Xeq=
[
−A∕

(
Tlnaw

)]1∕B

Ferro‐Fontan Xeq=
[
�∕ln

(
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Peleg Xeq=K1a
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w
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w

Note: Xeq = equilibrium moisture content (g water/g dry matter); X0 = 
monolayer moisture content (g water/g dry matter); aW = water activ‐
ity; T = absolute temperature (K); C, K, A, B, γ, α, r, K1, K2, n1, and n2 are 
model parameters.
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Bakshi, & Labuza, 1985). A model with a lower SE value and a residual 
value closer to zero is regarded more suitable.

2.7 | Determination of thermodynamic properties of 
moisture sorption

The enthalpy of sorption of water at a given Xeq (ΔH, J/mol) was de‐
termined by analyzing the moisture sorption isotherms obtained at 
different temperatures, using the modified form of the van't Hoff 
equation (Atkins & de Paula, 2006):

where aw is the water activity, T is the absolute temperature (K), 
and R is universal gas constant (8.314 J/mol K). Assuming its tem‐
perature independence, the ΔH can be estimated from the slope 
of the regression line in the plot of ln aw versus 1/T at a given Xeq.

The net isosteric heat of sorption of water a given Xeq (qst, J/mol) 
is defined as qst	=	−ΔH, and the total isosteric heat of sorption of 
water at given Xeq and T (Qst, J/mol) is given by:

where λ is the heat of vaporization of water at T (J/mol). The change 
of qst with respect to Xeq is often described by an empirical exponen‐
tial model (Tsami, 1991):

where q0 is the isosteric heat of sorption of monolayer water mole‐
cules (J/mol) and Xc is the characteristic moisture content (g water/g 
dry matter), at which qst = 0.37q0.

The Gibbs free energy (ΔG, J/mol) and entropy (ΔS, J/mol K) of 
sorption of water at a given Xeq are expressed as follows:

Combining Equations (8) and (9) yields:

Equation (10) is an integrated form of Equation (5), assuming the 
temperature independence of ΔH and ΔS, and the ΔS value was es‐
timated from the y‐intercept of the regression line in the plot of ln aw 
versus 1/T at a given Xeq.

The linearity between ΔH and ΔS was assessed to determine the 
mechanism of moisture sorption according to thermodynamic com‐
pensation theory (Krug, Hunter, & Grieger, 1976):

where Ti (K) is the isokinetic temperature, at which all moisture sorp‐
tion events in the series occur at the same rate, and ΔGi is the free 
energy at Ti (J/mol). According to Krug et al. (1976), the thermody‐
namic compensation only exists when Ti is different from the har‐
monic mean temperature (Th):

where n is the number of moisture sorption isotherms. The moisture 
sorption is controlled by enthalpy when Ti > Th, but by entropy when 
Ti < Th.

3  | RESULTS AND DISCUSSION

3.1 | Proximate composition and particle size

The proximate analysis revealed that carbohydrates were the major 
component of both non‐fermented (42.7%) and probiotic‐fermented 
(65.7%) sea tangle powders (Table 3). The carbohydrate contents re‐
ported for other seaweed are 61.5% for Ulva lactuca flour, 58.4% for 
Durvillaea antarctica stem, and 70.9% for D. antarctica leaves (Ortiz 
et al., 2006). The moisture (3.2–8.1%), proteins (8.0–18.4%), lipids 
(0.0%), and ash (12.7–41.2%) contents of both sea tangle powders did 
not differ greatly from the values reported for other seaweed powders, 
such as U. lactuca, D. antarctica, and Eucheuma denticulatum (Ortiz et 
al., 2006; Portugal, Ladines, & Ardena, 1983; Wong & Cheung, 2000). 
The probiotic‐fermented sea tangle powder showed higher protein 
and carbohydrate contents, but lower moisture and ash contents, 
compared to the non‐fermented sea tangle powder (Table 3). This was 
attributed to the probiotic‐fermented powder having a much lower 
salinity (5.2%) than the non‐fermented powder (32.1%). The lipid con‐
tents of both sea tangle powders were almost negligible.

The d4,3 of the probiotic‐fermented powder (73.49 μm) 
was three times greater than that of non‐fermented powder 
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TA B L E  3   Proximate compositions of non‐fermented and 
fermented sea tangle powders

Component (%) Non‐fermented Fermented

Moisture 8.1 ± 0.2 3.2 ± 0.3

Proteins 8.0 ± 0.3 18.4 ± 0.2

Carbohydrates 42.7 ± 0.4 65.7 ± 0.4

Lipids 0.0 ± 0.0 0.0 ± 0.0

Ash 41.2 ± 0.3 12.7 ± 0.1
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(23.96 μm). The span value of the probiotic‐fermented sea tan‐
gle powder (1.82) was only half of that of the non‐fermented sea 
tangle powder (3.45). These results indicate that the fermented 
sea tangle powder had more uniform and larger particles than the 
non‐fermented sea tangle powder. During the fermentation, acid‐
induced protein aggregation could occur around the pI values of 
the proteins due to the production of lactic acid by L. brevis. In 
addition, the decrease in pH during fermentation would induce 
attractive interactions between proteins and anionic polysaccha‐
rides, such as the fucoidans in sea tangle, causing the formation 
of protein–polysaccharide complexes (Razzak, Kim, & Chung, 
2016). Such acid‐induced protein aggregation and protein–poly‐
saccharide complexation during fermentation could be partly re‐
sponsible for the more uniform and larger particles found in the 
fermented powder.

3.2 | Moisture sorption isotherms

The moisture sorption isotherms of L. brevis‐fermented sea tangle 
powder at 4, 25, and 37°C are shown in Figure 1a. At all temper‐
atures tested, the Xeq increased linearly as the aw increased up to 
about 0.7, and then increased sharply with further increases in aw. 
This is typical J‐shaped type III moisture sorption behavior, which 
was also reported for several other brown and red algae, such as F. 
vesiculosus	(Moreira,	Chenlo,	Sineiro,	Arufe,	et	al.,	2016),	B. bifurcate 
(Moreira,	Chenlo,	Sineiro,	Sánchez,	et	al.,	2016),	K. alvarezii (Senthil 
et al., 2011), Gracilaria (Lemus et al., 2008), and Gelidium sesquipedale 
(Mohamed	 et	 al.,	 2005).	 The	 high	 carbohydrate	 contents	 (42.71–
65.74%) appear to primarily be responsible for the type III sorption 
behavior of the sea tangle powders (Brunauer, Deming, Deming, & 
Teller, 1940). Within the linear increase region (aw < 0.7), the Xeq was 

F I G U R E  1  Moisture	sorption	
isotherms of L. brevis‐fermented sea 
tangle powder at 4, 25, and 37°C (a), and 
of non‐fermented and L. brevis‐fermented 
sea tangle powders at 25°C (b). Symbols 
represent experimental data and solid 
lines are simulated results obtained from 
the Peleg model
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less than about 0.4 g water/g dry matter, but this value dramatically 
increased to 1.13 g water/g dry matter at 37°C, 1.29 g water/g dry 
matter at 25°C, and up to 2.40 g water/g dry matter at 4°C as the aw 
further increased above 0.9 (Figure 1a). This moisture sorption ca‐
pacity of the probiotic‐fermented sea tangle powder was higher than 
that reported for other seaweeds, in which the Xeq was generally 
about 0.1–0.2 g water/g dry matter in the linear increase region (aw 
values below about 0.6–0.7) and increased up to about 0.65–1.2 g 
water/g dry matter as the aw increased further to about 0.9 (Lemus 
et	al.,	2008;	Mohamed	et	al.,	2005;	Moreira,	Chenlo,	Sineiro,	Arufe,	
et	al.,	2016;	Moreira,	Chenlo,	Sineiro,	Sánchez,	et	al.,	2016;	Senthil	
et al., 2011). Due to their high moisture sorption capacity, the sea 
tangle powders placed at aw > 0.5 developed water bridges between 
the particles during the initial storage period, and were transformed 
to rubbery and even liquid states during storage, as shown in the 
pictures of Figure 1a.

The moisture sorption isotherm of probiotic‐fermented sea tan‐
gle powder can be divided into three regions: (a) the low aw region 
(aw < 0.2), where water molecules are adsorbed on the surface of par‐
ticles as a monolayer, (b) the intermediate aw region (0.2 < aw < 0.7), 
where water molecules are adsorbed as additional layers over the 
monolayer, and (c) the high aw region (aw > 0.7), where water mole‐
cules are condensed in the pores of the particles, followed by disso‐
lution of soluble substances. As the particles are swollen due to the 
adsorption of water molecules, pores or void spaces may be newly 
created depending on the stability of the microstructure of the par‐
ticles, in which more water molecules can be adsorbed and struc‐
turally entrapped (Kumar, Jha, Jain, Sahu, & Arora, 2012). A reason 
for the high moisture sorption capacity of probiotic‐fermented sea 
tangle powder, especially in the high aw region, is that the fermented 
sea tangle powder has a microstructure that is relatively unstable in 
response to water sorption compared to that of other reported fresh 
seaweeds; furthermore, its microstructure is altered, resulting in a 
more porous structure that can entrap a greater number of water 
molecules during the sorption process.

Smaller values of Xeq were measured at a higher temperature in the 
entire aw range (Figure 1a); this was attributed to the higher temperature 
providing more kinetic energy to water molecules, which promoted the 
desorption of water molecules from their binding sites and thus resulted 
in a less hygroscopic powder (Palipane & Driscoll, 1993). A similar ef‐
fect of temperature on moisture sorption was also reported for other 
brown and red algae, such as B. bifurcate, Gracilaria, and G. sesquiped‐
ale, at temperatures between approximately 5 and 55°C (Lemus et al., 
2008;	Mohamed	et	al.,	2005;	Moreira,	Chenlo,	Sineiro,	Sánchez,	et	al.,	
2016). However, the opposite effect of temperature was reported for 
some dried fruits, such as raisin and date, which contain high amounts 
of sugar, but relatively low amounts of insoluble solids and proteins 
(Myhara	&	Sablani,	2001).	This	temperature	effect	on	the	isotherms	was	
much greater at high aw region, probably because the water molecules 
highly entrapped in the unstable porous microstructure formed at high 
aw region were more easily desorbed by the increase in temperature.

Figure 1b shows that the non‐fermented sea tangle powder had 
similar moisture sorption behavior to the probiotic‐fermented sea 

tangle powder at 25°C. The moisture sorption isotherm of non‐
fermented sea tangle powder was almost the same as that of pro‐
biotic‐fermented sea tangle powder when aw < 0.7, while slightly 
higher Xeq values were obtained for the non‐fermented powder 
when aw > 0.7. Because the d4,3 of non‐fermented sea tangle pow‐
der (23.96 μm) was only one‐third that of probiotic‐fermented sea 
tangle powder (73.49 μm), the higher moisture sorption of non‐fer‐
mented powder is likely due to its smaller particle size and the re‐
sulting greater surface area for water adsorption. Additionally, the 
higher salinity content of the non‐fermented sea tangle powder 
(32.14%) compared to the probiotic‐fermented sea tangle powder 
(5.23%) may also contribute to the higher moisture sorption of the 
non‐fermented powder.

3.3 | Modeling sorption isotherms

The parameters of eight isotherm models, estimated from the 
moisture sorption isotherm data of probiotic‐fermented sea tan‐
gle powder, are summarized in Table 4. Considering the Mr, SE, 
and R2,	 the	 Peleg	 model	 had	 the	 best	 fit	 (3.56%	 ≤	Mr	 ≤	 11.92%,	
0.008	 ≤	 SE	 ≤	 0.021,	 and	 0.998	 ≤	 R2 ≤	 0.999),	 followed	 by	 the	
GAB	 model	 (5.78%	 ≤	 Mr	 ≤	 13.29%,	 0.014	 ≤	 SE	 ≤	 0.036,	 and	
0.997	≤	R2 ≤	0.999),	while	the	Henderson	model	had	the	poorest	fit	
(90.39%	≤	Mr	≤	96.45%,	0.040	≤	SE	≤	0.108,	and	0.985	≤	R2 ≤	0.993).	
The Mr showed an increasing trend as the temperature increased, 
except in the Henderson and Smith models, indicating that the mod‐
eling of moisture sorption isotherms became less reliable as tem‐
perature increased. Figure 2 shows the residual plots of GAB and 
Peleg models for the moisture sorption data. In general, the residu‐
als of the Peleg model were more uniformly scattered and closer to 
zero than those of the GAB model, indicating that the Peleg model is 
more suitable than the GAB model for describing the moisture sorp‐
tion isotherm of the fermented sea tangle powder.

The two parameters of the Peleg model, K1 and K2, represent 
the initial rate of, and capacity for, moisture sorption, respectively 
(Turhan, Sayar, & Gunasekaran, 2002). The K1 decreased greatly 
from 2.895 to 0.379, as the temperature increased from 4 to 25°C, 
indicating that the initial moisture sorption rate increased with tem‐
perature; meanwhile, no increase in the initial sorption rate was ob‐
served when the temperature increased further to 37°C (K1 = 0.568) 
(Table 4). The K2 increased greatly from 0.410 to 1.385, as the tem‐
perature increased from 4 to 25°C (Table 4), indicating a decrease in 
moisture sorption capacity as the temperature increased (Figure 1a). 
However, no further increase in K2 was observed as the temperature 
increased from 25 to 37°C (K2 at 37°C = 1.320), as was expected 
based on the marginal decrease in sorption capacity observed in the 
moisture sorption isotherms (Figure 1a). Similar trends of decreasing 
K1 and increasing K2 with an increase in temperature were observed 
for the moisture sorption of hazelnut kernels and chickpea soaking 
(Lopez et al., 1995; Turhan et al., 2002), but there have been no such 
reports for seaweed powders. The non‐fermented sea tangle pow‐
der had values of K1 (0.157) and K2 (1.635), similar to those of the 
fermented sea tangle powder (K1 = 0.379 and K2 = 1.385) at 25°C, 
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as was expected based on their similar moisture sorption isotherms 
(Figure 1b).

The three parameters in the GAB model are as follows: X0, the 
monolayer moisture content (g water/g dry matter), which represents 
the availability of sorption sites; C, which is related to the binding 
strength between the monolayer water molecules and the surface 
sorption sites; and K, which is a correction factor for water mole‐
cules in the multilayer relative to the bulk water (Sormoli & Langrish, 
2015). The X0 was estimated to be 0.176, 0.443, and 0.243 g water/g 
dry matter at 4, 25, and 37°C, respectively (Table 4), and indicating 
the temperature independence of X0, where the bivariate correla‐
tions analysis performed between the temperature and X0 using 
the SPSS software showed a p‐value of 0.348. Gabas, Telis, Sobral, 
and Telis‐Romero. (2007) also reported temperature independence 
of the X0 value for pineapple pulp powder, while some studies re‐
ported that the X0 decreased as the temperature increased due to 
the increased kinetic energy of bound water at a higher tempera‐
ture, resulting in greater water desorption (Palipane & Driscoll, 1993; 
Sormoli & Langrish, 2015). The temperature independence of X0 
could be attributed to the water‐induced collapse of the microstruc‐
ture of the probiotic‐fermented sea tangle powder with high carbo‐
hydrate and protein contents (84.12%) during the sorption process, 
especially at the high aw region, as discussed in moisture sorption 
isotherms. The X0 values obtained from the GAB model were higher 
than those estimated using the BET model (0.089–0.099 g water/g 
dry matter) (Table 4). This is because the BET model takes only the 
monolayer moisture sorption on the powder surface into account, 
while the GAB model addresses the high moisture sorption capac‐
ity of the probiotic‐fermented sea tangle powder through swelling, 
water‐induced microstructure collapse, and the resulting creation of 
new sorption sites (Kaderides & Goula, 2017). The C value was much 
higher at 4°C compared to those obtained at higher temperatures 
(Table 4). This indicates that binding between the monolayer water 
molecules and sorption sites on the powder surface was favored at a 
lower temperature, probably due to the stronger hydrogen bonding 
and lower kinetic energy of water molecules at a lower temperature. 
The K value was in the range between 0.837 and 0.968 (Table 4). The 
closer the value of K is to 1, the smaller the difference between the 
properties of multilayer water and pure water, such that the heat of 
sorption of multilayer water becomes the same as the heat of con‐
densation of pure water when K = 1 (Sormoli & Langrish, 2015).

3.4 | Thermodynamic properties

Figure 3 shows that the qst for the probiotic‐fermented sea tangle 
powder sharply decreased from 15.02 to 3.59 kJ/mol, as the Xeq in‐
creased from 0.02 to 0.21 g water/g dry matter, followed by a grad‐
ual decrease to 0.49 kJ/mol as the Xeq increased further to 1.29 g 
water/g dry matter at 4–37°C. At the beginning of moisture sorption 
in the low Xe region, the water molecules were tightly bound to the 
sorption sites on the surface of the powder, forming a monolayer 
with high interaction energy. As the moisture sorption progressed 
in the intermediate Xe region, the interaction energy between water 
and the powder became weaker; thus, it became easier to remove 

TA B L E  4   Parameters of sorption isotherm models, coefficient 
of determination (R2), standard error (SE), and mean relative 
percentage deviation modulus (Mr) estimated for moisture sorption 
isotherms of probiotic‐fermented sea tangle powder

Model Parameters

Temperature (°C)

4 25 37

GAB X0 0.176 0.443 0.243

C 2.297 0.476 0.751

K 0.968 0.837 0.904

R2 0.999 0.999 0.997

SE 0.036 0.014 0.019

Mr (%) 7.61 5.78 13.29

BET X0 0.099 0.089 0.098

C 113.4 22.68 5.673

R2 0.981 0.943 0.978

SE 0.118 0.116 0.063

Mr (%) 22.29 25.69 25.55

Henderson A 1.318 1.394 1.419

B 0.306 0.452 0.420

R2 0.985 0.993 0.989

SE 0.108 0.040 0.044

Mr (%) 93.46 96.45 90.39

Smith A −0.180 −0.077 −0.082

B −0.715 −0.473 −0.447

R2 0.930 0.981 0.969

SE 0.217 0.054 0.065

Mr (%) 81.68 15.25 36.62

Oswin A 0.247 0.228 0.187

B 0.716 0.655 0.747

R2 0.998 0.986 0.993

SE 0.040 0.056 0.036

Mr (%) 7.62 19.59 20.17

Halsey A 24.40 28.66 31.06

B 1.264 1.329 1.152

R2 0.995 0.971 0.982

SE 0.257 0.078 0.055

Mr (%) 24.14 25.29 26.17

Ferro‐Fontan Γ 0.211 0.444 0.342

Α 1.062 1.383 1.265

R 0.839 0.503 0.553

R2 0.998 0.999 0.998

SE 0.032 0.012 0.021

Mr (%) 8.95 4.81 13.56

Peleg K1 2.895 0.379 0.568

K2 0.410 1.385 1.320

n1 9.014 1.188 1.731

n2 0.923 5.874 8.519

R2 0.999 0.999 0.998

SE 0.016 0.008 0.021

Mr (%) 5.31 3.56 11.92
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water molecules from the powder. When a sufficiently large amount 
of water was adsorbed on the powder in the high Xe region, the inter‐
action energy became close to that between pure water molecules, 
that is, the heat of vaporization of water. The decrease in qst with 
respect to Xeq was adequately described (R2 = 0.991) by the Tsami 
model (Equation 7); the two model parameters, that is, the q0 and 
the Xc at which qst = 0.37q0, were determined to be 18.19 kJ/mol and 
0.12	 g	 water/g	 dry	 matter,	 respectively.	Moreira,	 Chenlo,	 Sineiro,	
Arufe, et al. (2016) reported that the qst of F. vesiculosus (a brown 
alga) decreased from 21.24 to 0.01 kJ/mol as the Xeq increased from 
0.07	to	0.34	g	water/g	dry	matter.	Moreira,	Chenlo,	Sineiro,	Sánchez,	
et al. (2016) also reported a decrease in the qst value of B. bifurcate 
(a brown alga), from 18.67 to 0.04 kJ/mol, as the Xeq increased from 
0.05 to 0.17 g water/g dry matter. The qst of the probiotic‐fermented 

sea tangle powder decreased much more slowly as the Xeq increased, 
in comparison to the qst values reported for the other two brown 
algae. The relatively higher interaction energy between water and 
the fermented sea tangle powder, especially at high moisture lev‐
els, may explain why the fermented sea tangle powder had a much 
higher moisture sorption capacity than that reported for the other 
two brown algae, as mentioned in moisture sorption isotherms.

Figure 4a shows that both the ΔG and ΔS of moisture sorption 
for the probiotic‐fermented sea tangle powder were negative in 
the entire range of Xeq values examined, and exhibited sharp in‐
creases at low Xeq (<0.38) followed by a gradual approach to zero 
as the Xeq further increased. The negative ΔS indicates that the 
moisture sorption of the probiotic‐fermented sea tangle powder 
was entropically unfavorable; water molecules lost their degrees 

F I G U R E  2   Plots of residuals fit of GAB and Peleg models to the moisture sorption data of L. brevis‐fermented sea tangle powder at 4, 25, 
and 37°C
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of freedom by adsorbing to the sorption sites. The increase in ΔS 
to zero as the Xeq increased is due to the decrease in the number of 
available sorption sites as sorption progressed. Despite the nega‐
tive ΔS, the ΔG was negative due to the highly negative ΔH	(=	−qst), 
indicating that the moisture sorption process was spontaneous. 
The approach of ΔG to zero as the Xeq increased indicates that the 
moisture sorption was more favorable at lower Xeq. The negative 
ΔH indicates that the moisture sorption of the fermented sea tan‐
gle powder was an exothermic, energetically favorable process. 
The approach of ΔH to zero as the Xeq increased was due to the 
decrease in the interaction energy between water and the powder, 
which also explained the decrease in qst as the Xeq increased (as 
discussed above).

A linear correlation (R2 = 0.997) was found between ΔH and 
ΔS (Figure 4b). Therefore, the Ti, at which all moisture sorption 
events in the series occur at the same rate, and the ΔG at Ti (ΔGi) 
were obtained for the fermented sea tangle powder using Equation 
(11): Ti = 448.1 K (174.8°C) and ΔGi	=	−0.3318	kJ/mol.	This	Ti was 
slightly higher than that reported for B. bifurcate (404.4 K), which 
is	 a	 brown	 alga	 (Moreira,	 Chenlo,	 Sineiro,	 Sánchez,	 et	 al.,	 2016);	
however, it is much higher than the Ti reported for another brown 
alga, F. Vesiculosus	 (363.2	K;	Moreira,	Chenlo,	Sineiro,	Arufe,	et	al.,	
2016). The Th obtained from Equation (11) was 294.5 K (21.4°C), 
which was significantly lower than the Ti. This indicates that the 
enthalpy–entropy compensation existed for the moisture sorption 
of the probiotic‐fermented sea tangle powder, and that the mois‐
ture sorption was an enthalpy‐driven process under the conditions 
examined, as also mentioned above. The moisture sorption of the 
two brown algae, B. bifurcate and F. Vesiculosus, was also reported 
to	be	controlled	by	enthalpy	(Moreira,	Chenlo,	Sineiro,	Arufe,	et	al.,	
2016;	Moreira,	Chenlo,	Sineiro,	Sánchez,	et	al.,	2016).	The	negative	
ΔGi suggests that the fermented sea tangle powder favors moisture 
adsorption rather than desorption even at Ti.

F I G U R E  3   Net isosteric heat of 
sorption (qst) and moisture sorption 
isotherm at 25°C for L. brevis‐fermented 
sea tangle powder. Symbols represent 
experimental data, and solid and dotted 
lines are the moisture sorption isotherm 
simulated by the Peleg model and qst 
simulated by the Tsami model (Equation 
7), respectively

F I G U R E  4   Changes in Gibbs free energy (ΔG) and entropy 
(ΔS) of moisture sorption with respect to the equilibrium moisture 
content (Xeq) for L. brevis‐fermented sea tangle powder (a), and 
linearity between enthalpy (ΔH) and entropy (ΔS) of moisture 
sorption (b)
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4  | CONCLUSIONS

The present study demonstrated that the L. brevis‐fermented sea tan‐
gle powder had typical J‐shaped type III moisture sorption behavior at 
4, 25, and 37°C. The Xeq increased linearly as the aw increased to about 
0.7, but remained below about 0.4 g water/g dry matter, followed by 
a sharp increase up to 2.40 g water/g dry matter at 4°C with a further 
increase in aw to above 0.9. Due to high moisture sorption, the sea 
tangle powders stored at aw > 0.5 were found to be transformed to 
rubbery or liquid states during storage. This high moisture sorption ca‐
pacity of the fermented sea tangle powder, especially at high aw levels, 
as compared to the capacities reported for other seaweeds, may be 
attributed to its microstructure being relatively unstable to moisture 
sorption, and thus altered to a more porous structure that can en‐
trap more water molecules during the sorption process. The sea tan‐
gle powder was less hygroscopic at a higher temperature in the entire 
range of aw, because water molecules became more kinetically active 
and more easily desorbed from their binding sites at a higher tempera‐
ture. The Peleg and GAB models were found to most accurately de‐
scribe the moisture sorption isotherms among eight sorption models. 
The Peleg model showed that, in general, a higher resulted in a faster 
initial moisture sorption rate, but a smaller moisture sorption capacity. 
The GAB model yielded monolayer moisture contents of 0.176, 0.443, 
and 0.243 g water/g dry matter at 4, 25, and 37°C, respectively. The 
temperature independence of monolayer moisture content is probably 
due to the water‐induced collapse of the microstructure of the sea 
tangle powder, which contains high carbohydrate and protein con‐
tents (84.12%). The GAB model suggested that the binding between 
the monolayer water molecules and the powder sorption sites was 
favored at a lower temperature, probably due to the stronger hydro‐
gen bonding and lower kinetic energy of the water molecules. The qst 
showed an exponential decrease as the Xeq increased, as also reported 
for other seaweeds, showing that the interaction energy between 
water and the powder was strong in the monolayer, became weaker 
as the moisture sorption progressed due to the multilayer adsorption, 
and became close to the heat of vaporization of pure water when a 
sufficient amount of water was adsorbed. The analyses on ΔH, ΔS, and 
ΔG showed that the moisture sorption of the sea tangle powder was 
an entropically unfavorable, exothermic, enthalpy‐driven spontane‐
ous process under the conditions examined, and was more favored at 
lower Xeq values, as also reported for other seaweeds. The enthalpy–
entropy compensation existed with a Ti of 448.1 K. The present study 
provides information essential for understanding the strongly hygro‐
scopic nature, and resulting low storage stability, of the commercially 
available L. brevis‐fermented sea tangle powder, which currently limits 
its easy and convenient handling and application.
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