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1  |  INTRODUC TION

Alginate extraction from brown seaweeds is based on the conver-
sion of the alginic acid from the cell walls into alginate salt forms, 
followed by its precipitation and purification. Milled seaweeds are 

soaked in dilute mineral acid to remove fucoidans, laminarins, pro-
teins, and polyphenols that could modify alginate features. Then, 
alginic acid is transformed into sodium alginate (SA) by employing 
alkaline solutions, meanwhile solid residues are removed by centrif-
ugation and filtration. Finally, alginate is precipitated with ethanol 
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Abstract
Water desorption isotherms of three alginates with different structural features were 
determined at 25, 37, and 50°C. The Halsey model was selected to fit the equilibrium 
water sorption data. Differential and integral enthalpy and entropy were estimated 
for tested alginates. Optimal storage conditions of tested alginates (moisture content 
from	0.15	to	0.20 kg	water/kg	dry	solid	and	relative	humidity	from	35%	to	50%)	were	
determined from the maximum and minimum integral enthalpy and entropy values, 
respectively. A model was proposed to estimate the water sorption isotherms of al-
ginates based on the alginate monomers (mannuronate, M, and guluronate, G) at low 
water activity (<0.4). M fraction was mainly responsible for the hygroscopicity of algi-
nates. Alginates with similar G fraction showed different hygroscopic features by the 
presence of more homopolymeric G blocks that could form helical structures at low 
moisture content, decreasing the water affinity.

Practical applications
Determination of water sorption isotherms is fundamental to determine the optimal 
storage conditions at different temperatures. Their knowledge is essential for de-
signing drying equipment, selecting adequately drying conditions (temperature and 
relative humidity of air) and drying time. Mathematical models are useful to estimate 
equilibrium moisture content in wide ranges of water activity and temperature. The 
thermodynamic study also provides valuable information about energy consumption 
and consequently operational costs. In this case, high content of mannuronate, M, 
increases the hygroscopic character of alginates, but the optimal moisture content of 
dried alginates to achieve maximum stability during storing varies in a narrow interval 
(0.15–	0.20 kg	water/kg	dry	solid).
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to obtain SA (Chee et al., 2011). Recent studies have showed that 
SA can also be obtained from wasted solids after polyphenols ex-
traction (Montes et al., 2021). SA is a linear polysaccharide com-
posed of β- D- mannuronic acid (M) and α- L- guluronic acid (G) linked 
by 1– 4 glycosidic bonds, and the M/G ratio gives relevant informa-
tion about the polymer structure (Abka- khajouei et al., 2022). The 
composition of alginates depends on their natural source, geograph-
ical location, and seasonal variations (Fernando et al., 2020). SA is 
used in cosmetic, pharmaceutical, medical, and textile industries. 
Particularly, it is widely used in food industry due to its thickening, 
emulsifying, gelling, stabilizing, and film- forming properties, being 
one of the most important food additives (Qin et al., 2018).

SA is a hygroscopic material and tends to modify its moisture 
content as a function of environmental air conditions; hence, ade-
quate storage conditions are very relevant for its correct conser-
vation (Lee & Mooney, 2012). Most biopolymers are sensitive to 
moisture content, so their properties change with relative humidity 
and temperature (Kurek et al., 2014). By means of water sorption iso-
therms, which relate the equilibrium moisture content (X) and water 
activity (aw), the optimally hygroscopic conditions can be obtained 
for its preservation (Shivhare et al., 2004). There are many (empiri-
cal, semitheoretical, and theoretical) equations to model the water 
sorption isotherms. Halsey model can be used to study the multi-
layer water adsorption (Halsey, 1948). In this model, temperature 
can be introduced as variable within the model, and one equation 
is useful to reproduce simultaneously the equilibrium moisture con-
tent of a sample over a broad water activity and temperature ranges.

Hygroscopic properties of a food material depend on its chemical 
composition (Moreira et al., 2009). In this way, the presence of addi-
tives such as SA can noticeably modify the equilibrium moisture con-
tent of the final product under the same storage conditions. At these 
circumstances, it is crucial to knowledge the hygroscopic behavior 
of compounds present in food and non- food formulations. To un-
derstand the SA water sorption features and to estimate its optimal 
storage conditions, some thermodynamic properties can be evalu-
ated such as differential heat of sorption and differential entropy, 
as well as the integral enthalpy and entropy (Zhang et al., 2016). The 
differential enthalpy of sorption is an indicator of the water binding 
strength to the solid, meanwhile the differential entropy is propor-
tional to the number of available sorption site corresponding to a 
specific energy level (Koksharov et al., 2021). On the other hand, the 
integral enthalpy provides an indication of the total energy available 
to do work, and the integral entropy describes the degree of disorder 
and randomness of motion of water molecules (Moreira et al., 2008).

There are some studies concerning the water sorption isotherms 
of alginates. For instance, Galus and Lenart (2013) studied the water 
adsorption isotherms of SA at 25°C, and the experimental data were 
successfully fitted by Peleg's model. Adamczak et al. (2017) deter-
mined water adsorption and desorption isotherms of SA at 25°C, 
with slightly higher moisture content for desorption in comparison 
to adsorption process. Xiao and Tong (2013) employed GAB model 
to fit experimental data of water adsorption of low- viscosity SA in 
the temperature range from 25 to 45°C.

Previous results indicate discrepancies in the literature regard-
ing hygroscopic properties of SA due to probably the different 
sources and extraction procedures employed to obtain commercial 
SA. To the best of our knowledge, no studies relating the sorption 
isotherms features with the structural features of alginates were 
found. Therefore, the goals of this study were to: 1. determine water 
sorption characteristics of SA with different M/G ratios and their 
modeling using the Halsey model; 2. evaluate some thermodynamic 
properties to understand sorption phenomena in depth and to as-
sess the optimal storage conditions for dried SA; and 3. establish the 
relationship between M/G ratio of the different SA and the corre-
sponding water sorption isotherms.

2  |  MATERIAL S AND METHODS

2.1  |  Materials

Processed and commercial sodium alginates (SA) were used. 
Specifically, processed SA from Ascophyllum nodosum brown 
seaweeds was obtained using a previously reported methodol-
ogy (Montes et al., 2021), seaweeds pellets dried at 50°C (50D). 
Commercial	sodium	alginates	(CAS	No.	9005-	38-	3)	were	purchased	
from	 Sigma-	Aldrich	 Chemical	 Company	 (S)	 (Lot	 MKCJ1280,	 St.	
Louis, MO, USA) and PanReac (P) (Lot 0F009964, Barcelona, Spain). 
Average viscosimetric molecular weights (Mv,	 kg/mol),	 P	 (459 ± 8),	
S	(156 ± 2),	and	50D	(257 ± 1)	and	the	corresponding	average	block	
length, mannuronate- guluronate ratio (M/G), P (1.15), S (0.91) and 
50D (1.21), diads (FGG), P(0.23), S (0.35) and 50D (0.20) and triads 
(FGGG) P(0.13), S (0.30) and 50D (0.10), were previously determined 
by Montes et al. (2021).

2.2  |  Determination of water desorption isotherms

A gravimetric technique was carried out to determine the equilib-
rium moisture content of SA samples. Firstly, samples were hydrated 
for	3 weeks	until	constant	weight.	Then,	several	jars	were	prepared	
with different saturated salt solutions to obtain atmospheres with 
constant water activity. The salt solutions used were LiCl, MgCl2, 
Mg(NO3)2, NaCl, KCl, and BaCl2, which were prepared according to 
Moreira et al. (2008). The range of relative humidity of air achieved 
with	 these	 salts	 was	 within	 the	 interval	 11%–	90%.	 The	 samples	
(0.5 g), previously weighted, were placed in glass jars and intro-
duced in the flasks at three temperatures: 20, 37, and 50°C (±0.1°C). 
Thymol was introduced in the jars to inhibit microbial growth at rela-
tive humidity higher than 0.6.

An analytical balance (SI- 234, Denver Instrument, ±0.0005 g)	
was used to weight the samples at regular intervals until constant 
weight. The time required to achieve the equilibrium was about 
12 weeks.	 The	 moisture	 content	 was	 determined	 using	 a	 vacuum	
oven	(Vacutherm	VT650,	Heraeus	Hanau)	at	70°C	and	13 kPa	until	
achieve constant weight. The equilibrium moisture content (X) was 
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measured for all samples, and the water sorption isotherms curves 
were plotted as X versus aw. All experiments were done at least in 
duplicate.

2.3  |  Data analysis

2.3.1  |  Sorption	isotherms	models

The experimental results were fitted by Halsey model, Equation (1):

 where X is the equilibrium moisture content (kg water/kg dry solid, 
d.b.), aw is the water activity, T (K) is the absolute temperature, and A 
and r are the fitting parameters of Halsey model.

2.3.2  |  Differential	and	integral	
enthalpy and entropy

The complete and detailed procedure is explained in Moreira 
et al. (2008). Briefly, the isosteric heat of sorption, Qst (kJ/mol), (or 
differential enthalpy) is an indicator of the state of water absorbed 
by the solid material and is defined by Equation (2):

 where qst (kJ/mol) is the net isosteric heat of sorption, and HL (kJ/mol) 
is the heat of vaporization of water at the sorption temperature. Using 
the Clausius– Clapeyron relationship, qst at constant X can be evaluated 
from the experimental data by Equation (3):

 where R	(kJ/mol K)	is	the	universal	constant	of	gases.
The differential entropy, Sd	 (kJ/mol K),	of	water	adsorption	can	

be calculated from Gibbs– Helmholtz equation and substituting the 
Gibbs energy by its definition, a linear equation, Equation (4), involv-
ing Qst, Sd, and aw, is obtained:

 where the Sd value can be calculated from the intercept (Sd/R).
The net integral enthalpy, qeq (kJ/mol), must be evaluated at con-

stant spreading pressure, ∅ (J/m2), according to Equation (5):

The spreading pressure represents the surface excess free en-
ergy and provides an indication of the increase in surface tension of 
bare sorption sites due to adsorbed molecules (Fasina et al., 1999). 
This property cannot be experimentally measured but can be esti-
mated by Equation (6).

 where KB	is	the	Boltzmann's	constant	(1.38 × 10
−23 J/K), Am represents 

the	area	of	a	water	molecule	(1.06 × 10−19 m2), a is A/T.
Finally, the net integral entropy, Seq	 (kJ/mol K),	 is	calculated	by	

Equation (7):

 where aw is obtained at constant ∅ at different T.

2.4  |  Statistical analysis

Experimental data were analyzed through one- factor analysis of 
variance (ANOVA), followed by the Duncan test, and considering 
significant p values <0.05 (IBM SPSS Statistics 27, SPSS Inc). All 
experimental	 results	were	expressed	as	mean ± standard	deviation	
from at least duplicate experiments.

The goodness of fitting of Halsey model was estimated by two 
statistical indices previously proposed by Moreira et al. (2017), φ 
(Equation [8]), which is a lumped measure and involves the coeffi-
cient of determination (R2), the root mean squared error (RMSE) and 
the mean relative deviation (MRD), and χ2. If φ shows low values, the 
model shows a poor adequacy to describe the experimental behav-
ior, and if the value of χ2 ≥ 5.99,	the	model	should	be	rejected	with	
p > 0.95.

3  |  RESULTS AND DISCUSSION

3.1  |  Experimental water desorption isotherms and 
modeling

Experimental data of equilibrium water desorption isotherms of 
different sodium alginates (SA) at 20, 37, and 50°C are depicted in 
Figure 1. Water sorption isotherms can be classified as type III ac-
cording to BET classification (Brunauer et al., 1940). All tested SA 
showed the same temperature trend at constant water activity, X 
decreased with increasing temperature. In all cases, at a constant 
temperature, the equilibrium moisture content (X) increased with 
increasing water activity (aw). However, two different regions in 
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the isotherm curves can be observed. Firstly, a linear trend was ob-
served at low and intermediate aw values (from 0.1 to 0.5), this region 
is called multilayer sorption region. Secondly, at higher aw values, the 
capillary condensation region can be observed by the pronounced 
increase of X with increasing aw. Significant differences were found 
between tested SA in this last region (aw > 0.5).	Particularly,	X value 
at the highest aw (0.9) was approximately 0.6 (kg/kg d.b.) for S and 
P	alginates	(without	significant	differences	between	them)	and	0.8	
(kg/kg d.b.) for 50D. However, below 0.5 of aw, no significant differ-
ences (p ≤ 0.05)	were	found	between	tested	SA.	These	results	partly	
agree with those reported previously by Galus and Lenart (2013) at 
25°C, that is, at aw of 0.5 X was 0.25 (kg/kg d.b.); however, at aw of 
0.9 these authors found higher moisture content value (1.3 kg/kg 

d.b.) for adsorption process. Also, Adamczak et al. (2017) reported 
higher X	 values	 (up	 to	 1.16 kg/kg	 d.b.	 at	 aw of 0.9), for the water 
adsorption stage at 25°C. However, Shimanuki et al. (2020) deter-
mined, at the same high aw value, a moisture content approximately 
0.5 kg/kg d.b that agreed with results obtained for S and P alginates 
tested in the present study. Finally, Xiao and Tong (2013) found for 
water adsorption of low- viscosity SA at 25°C an equilibrium mois-
ture content of 0.4 kg/kg d.b. at aw of 0.90.

The Halsey model was employed to fit experimental data, de-
sorption isotherms are plotted in Figure 1 by continuous lines, and 
the corresponding fitting parameters are presented in Table 1. No 
significant differences (p ≤ 0.05)	between	Halsey	parameters	(A and r)  
for S and P alginates at constant temperature. For these alginates, 
A	values	decreased	(from	12.08	to	8.73	and	from	12.46	to	8.42,	re-
spectively) with increasing temperature. However, for 50D, A values 
increased	 (from	23.21	 to	25.28)	with	 temperature.	 Interestingly,	a 
(A/T) parameter value was invariant with temperature in the case 
of 50D alginate. In all cases, the r values were invariant with tem-
perature	for	each	alginate,	and	50D	showed	the	lowest	value	(1.187),	
meaning the highest slope of the isotherm curve, against S and P 
alginates	(around	1.820).

3.2  |  Thermodynamic properties

3.2.1  |  Differential	enthalpy	and	entropy

Figure 2a shows the variation of the differential enthalpy (qst), evaluated 
by means of Equation (3), with the moisture content of tested alginates 
at arithmetic mean temperature (35.7°C). At low moisture content, 
there are high attractive intermolecular forces between alginate sur-
face and adsorbed water. Afterward, a sharp fall in the qst values is ob-
served	when	moisture	content	increases	from	0.08	to	0.2	kg/kg	d.b.,	 
because water molecules are adsorbed in other available sites with 
lower specific energy (Polachini et al., 2016). Subsequently qst values 
dramatically decreased and at moisture content above 0.3 kg/kg d.b.,  
water molecules multilayers were formed and progressively approa-
ched zero meaning that the adsorption of a water molecule involved  
an energy equivalent to the heat of vaporization of Xiao and 
Tong (2013) employing low- viscosity SA observed this effect, but the 
values obtained (10 kJ/mol at X of 0.1 kg/kg d.b.) were lower than the 
values	of	this	work	(60 kJ/mol	at	X of 0.1 kg/kg d.b.). The highest qst 
values found at low X (<0.25 kg/kg	d.b.)	were	for	P	alginate.

Figure 2b shows the trend of differential entropy (Sd), 
Equation (4), with moisture content of tested alginates at 35°C. Sd 
is proportional to the number of available sorption sites at a specific 
energy level. Negative values are related to the loss of mobility of 
water molecules during sorption. The Sd values increased contin-
uously	 at	 low	moisture	 content	 (below	0.20 kg/kg	d.b.)	 and	above	
this content remained practically constant. At low moisture content, 
water molecules were strongly retained (high activation energies) 
in many available sorption sites, but these sites were progressively 
occupied with increasing moisture content (Madamba et al., 1996).

F I G U R E  1 Water	desorption	isotherms	of	different	alginates:	(a)	
from sigma (S), (b) from PanReac (P), and (c) processed (50D) at 20, 
37, and 50°C. lines correspond to Halsey model (Equation [1]).
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The theory of compensation needs to be applicable that isoki-
netic (TI) and harmonic mean (Th) temperatures are different and, 
in the range of moisture content studied, the existence of a linear 
relationship between differential enthalpy and differential entropy 
(Moreira et al., 2008). The linear relationship was verified by the 
plotting of qst versus Sd and from the slope TI values were obtained 
(340,	 337	 and	 329 K	 for	 S,	 P	 and	 50D,	 respectively),	 and	 Th was TA
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308 K.	As	TI > Th in all cases, the water sorption of tested alginates 
can be characterized as enthalpy- driven (Moreira et al., 2016).

3.2.2  |  Integral	enthalpy	and	entropy

Figure 3 shows the spreading pressure, calculated by means of 
Equation (6), as a function of aw for tested alginates at studied tem-
peratures.	The	spreading	pressure	increased	(up	to	1.50 J/m2) with 
increasing aw and decreased with increasing temperature in all cases. 
Slight differences were found between spreading pressure values 
of S and P alginates at constant temperature, and values of 50D al-
ginate were systematically lower. In fact, the ∅ values for S and P 
at 50°C were similar to 50D values at 37°C. These trends agreed 
with results reported for alginates by Xiao and Tong (2013), but with 
lower values (<0.1 J/m2).

Figure 4a shows the variation of the net integral enthalpy, qeq, 
calculated with Equation (5) at constant spreading pressure, with the 
moisture content. At low X, qeq increased up to achieve maximum 
values	(9.8,	11.0	and	15.2	kJ/mol	for	S,	P,	and	50D,	respectively)	and	
then continuously decreased with increasing X. On the other hand, 
the net integral entropy, Seq evaluated with Equation (7), decreased 
at low X	reaching	a	minimum	value	(−24.9,	−28.7	and	−42.2	J/mol K	
for S, P and 50D, respectively), Figure 4b. Both enthalpy and entropy 

trends with moisture content reflect the transition from the water 
molecules occupation of easily accessible sites to localized binding 
followed by the formation of multi- layers (Moreira et al., 2008).

Regarding the integral enthalpy and entropy curves, the maxi-
mum enthalpy and minimum entropy values occurred at the same 
narrow moisture content range from 0.15 to 0.2 kg/kg d.b., for 
tested alginates. The minimum integral entropy determines the 
water activity at which the food product has the highest stability, 
and additionally, other authors indicated that maximum enthalpy is 
achieved with the formation of a monolayer of adsorbed water (Kaya 
& Kahyaoglu, 2007). In this case, it means that maximum stability 
(optimal water activity) is achieved in the interval from 0.35 to 0.45 
for S and P alginates and from 0.40 to 0.50 for 50D alginate.

3.3  |  Relationship between equilibrium moisture 
content and M/G ratio of alginates

To find a relationship between structural features of alginates and 
water molecules sorption on the sample surface, the water activity 
range must be restricted to the water activity range in which the 
water monolayer is formed. In this case, this aw interval was below 
0.4. Parameters of Halsey model (Table 1) were employed to find 
correlations with M/G ratio of tested alginates. Firstly, a linear re-
gression (R2 > 0.9)	 was	 established	 between	 guluronate,	 G, frac-
tion (G/[M + G]) values, and the r parameter from Halsey model. 
Extrapolating this linear regression to guluronate fraction values of 
zero and one (G = 0 and M = 0), it could be possible to obtain r val-
ues corresponding to hypothetical alginate formed exclusively by M 
(rM = 2.074) and by G (rG = 0.560), respectively. The water content of 
alginate can be assumed as the sum of water adsorbed on guluronate 
(XG) and mannuronate (XM) surface (Equations [9] and [10]).

 

 where aG and aM are the corresponding parameters for G and M of 
Halsey model.

The aG and aM values were obtained by means of a multivariable 
optimization procedure with the following objective, Equation (11):

 where X were the moisture content values given by Halsey model. 
This procedure was applied to each alginate at constant temperature. 
As chemical characteristics of M and G are independent of the type 
of alginate, average aG and aM values were obtained after individual 
optimization of each alginate. The aG and aM values were 0.30, 0.26, 
and 0.24 and 0.052, 0.035, and 0.019 at 20, 37, and 50°C, respectively. 

(9)XG = G

(
−aG

lnaw

) 1

rG

(10)XM = (1 − G)

(
−aM

lnaw

) 1

rM

(11)min

[
aw=0.4∑
aw=0.1

X − G

(
−aG

lnaw

) 1
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− (1 − G)

(
−aM
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) 1

rM

]

F I G U R E  4 Effect	of	moisture	content,	X, on the integral 
enthalpy, qin, (a) and on the integral entropy, Sin, (b) for alginates: 
Alginate from sigma (S), alginate from PanReac (P), and processed 
alginate (50D).
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These values were linearly correlated (R2 > 0.99)	 with	 temperature.	
Therefore, an equation useful to estimate the equilibrium moisture 
content of alginate with its guluronate and mannuronate content at 
different temperatures is given by Equation (12):

Analyzing Equation (12), it was observed that the X value was 
mainly due to the contribution of XM meaning that M was more hy-
groscopic than G. For instance, in S alginate at 20°C and at aw = 0.2, 
the contribution of XM	to	the	total	adsorbed	water	was	69.7%	and	
at	the	same	conditions	achieved	73.7%	and	84.2%	in	the	case	of	P	
and 50D alginates. The XM contribution decreased with increasing aw 
(i.e., at aw =	0.4,	59.1,	63.5	and	76.4%	for	S,	P	and	50D	alginates,	re-
spectively). As example, Figure 5 shows the XM and XG contributions 
to the total equilibrium moisture content of 50D alginate at 20 and 
50°C. An acceptable agreement can be observed between the water 
sorption isotherm fitted by Halsey model and the proposed model 
given by Equation (12).

Shimanuki et al. (2020) demonstrated that, at very low moisture 
content, helical structures formed by short molecular chains present 
in alginates are composed exclusively of G blocks. Therefore, under 
these conditions, the surface of G units was not completely avail-
able to adsorb water so easily as M units. The 50D alginate was the 
tested sample with the highest amount of M units (M/G = 1.21) and 
S the lowest (M/G = 0.91), but P showed a M/G (1.15) closer 50D. It 
seems that exclusively the relative amount of G is not enough to ex-
plain these differences. Nevertheless, S alginate contained a greater 
number of diads FGG (0.35) and triads FGGG (0.30) than P (0.23 and 
0.13) and 50D (0.20 and 0.10) alginates. This fact could explain the 
existence of more helical structures formed by G blocks in S alginate 
and the contribution of XG to total adsorbed water consequently 
decreased. Helical structures were progressively disappearing with 

water adsorption (higher aw values) and the contribution of XG in-
creased with the creation of new available surfaces.

4  |  CONCLUSIONS

No significant differences were found between tested commer-
cial alginates, and processed alginate was the most hygroscopic 
one. Halsey model was chosen to fit adequately for describing 
experimental desorption isotherm data for several alginates in 
the temperature range from 25 to 50°C. The differential enthalpy 
and entropy of sorption for all samples decreased and increased, 
respectively, exponentially with increasing moisture content to 
0.15–	0.20 kg/kg	d.b.,	then	decreased	slowly	to	near	zero	at	higher	
moisture content, due to a decrease of binding energies between 
water molecules and sorption sites with increasing moisture con-
tent. Integral enthalpy and entropy showed respective maximum 
and	minimum	values	 in	 the	 interval	 from	0.15	 to	0.20 kg/kg	d.b.	
Alginates must be dried up to this moisture content to achieve op-
timum stability during storage. A model based on the structural 
features of alginate was proposed and satisfactorily tested to pre-
dict the equilibrium moisture content of alginates at low water ac-
tivity values (<0.4). Mannuronate, M, was more hygroscopic than 
guluronate, G, and consequently, a higher amount of M in the al-
ginate increases its hygroscopicity. Nevertheless, the presence of 
helical structures formed by G blocks must be also considered in a 
more complex structural model.
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