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Abstract 

The water sorption kinetics of spaghetti was measured in the temperature range of 20-90oC to 

investigate the temperature dependencies of an equilibrium moisture content and an initial rate of 

water sorption. The dependencies indicated the mechanism of water sorption: the equilibrium moisture 

content is limited by the state of starch gelatinization and the initial rate of water sorption is governed 

by the water diffusion through the pores of the spaghetti regardless of the starch gelatinization. The 

empirical equations were proposed to predict the amount of loss of the spaghetti mass during water 

sorption which results in the quality loss of cooked spaghetti and the moisture content which affects 

the mechanical properties and an optimal immersion time. The equation of the moisture content, 

taking the effect of starch gelatinization into consideration, has the initial diameter of spaghetti, 

immersion time, and temperature of immersed water as parameters to predict under any conditions. 
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1. Introduction 

 

Drying is one of the most common methods 

of food preservation and is applied to various 

foodstuffs. Water sorption is a process aimed at 

the restoration of the properties of dried 

foodstuffs. This process is complicated, because 

water sorption is a multifaceted mass transport 

process and is governed by several mechanisms 

of water imbibitions in pores (Sam Saguy et al., 

2005). A quantitative understanding of the 

change in the moisture content of spaghetti at 

any temperature of the immersed water is 

necessary to know the mechanical properties and 

the optimal immersion time of spaghetti (Chillo 

et al., 2008, 2009; Cuq et al., 2003).  

Typically, equations to describe the water 

sorption kinetics can be characterized by two 

approaches: theoretical and empirical 

(García-Pascual et al., 2006). The theoretical 

equations are based on the Fick’s first and 

second laws of diffusion, where the difference in 

the moisture content of spaghetti is considered to 

be a driving force (Bilbao-Sainz et al., 2005; 
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García-Pascual et al., 2005, 2006; Sanjuán et al., 

1999, 2004). Theoretical equations provide 

insights into the mechanistic relevance of an 

observed phenomenon (Sam Saguy et al., 2005). 

However, they are not convenient for practical 

purposes due to their complexity (Maskan, 2002; 

Cunningham et al., 2007): in addition to water 

diffusion, starch crystalline domains melting, 

macromolecular matrix relaxation, and “residual 

deformation” release also occur during water 

sorption (Del Nobile et al., 2003). On the other 

hand, the development of empirical equations 

requires considerably less effort. Therefore, 

empirical equations can be useful tools for the 

prediction and optimization of the water sorption 

kinetics (Djomdi and Ndjouenkeu, 2007). 

Empirical or semi-empirical equations of 6 types 

are often utilized to describe the water sorption 

kinetics (Maskan, 2002). These include: the 

exponential equation (Misra and Brooker, 1980), 

Peleg’s model (Peleg, 1988), 1st order kinetics 

(Chhinnan, 1984), Becker’s model (Becker, 

1960), the Weibull distribution function (Cunha 

et al., 1998), and the normalized Weibull 

distribution function (Marabi et al., 2003). In the 

empirical equations, the water sorption process 

is treated as a ‘black box’, varying specific input 

setup parameters, measuring output quantities 

and deriving the adequate correlations. 

Therefore, it is necessary to determine the 

coefficients of the equation by varying the 

specific input setup parameters in detail. The 

moisture content of the spaghetti at any 

immersion time can be well predicted using 

Peleg’s model and the Weibull distribution 

function (Cunningham et al., 2007). However, 

the temperature dependence of water sorption 

kinetics does not seem to be properly 

characterized. In particular, the effect of the 

starch gelatinization on the characteristics of 

water sorption kinetics has not been revealed. In 

addition, the reported equations cannot apply to 

spaghetti of a different diameter, even if the 

material is identical to each other.  

In this study, the effects of the temperature of 

the immersion water on the characteristics of 

water sorption kinetics, such as the equilibrium 

moisture content and the initial rate of water 

sorption, were investigated in detail. The 

temperature of the immersed water was varied 

from 20oC to 90oC for an extended time period 

(4 h) to systematically observe the phenomena 

during water sorption. On the basis of the 

observations, an equation, which is a function of 

the initial diameter of the spaghetti, immersion 

time, and temperature of the immersed water, 

was proposed to describe the moisture content 

under any conditions.  

 

2. Material and Methods 

 

2.1. Material 

 

Spaghetti Ma·Ma (Nisshin Foods, Inc., 

Tokyo, Japan), purchased from a local 

supermarket, was used in all the experiments. 

The carbohydrate content of the spaghetti was 

72 wt%. The initial diameters of the spaghetti 

were 1.4 mm (lot No.T0913 L), 1.6 mm (lot No. 

T1332 N), and 1.8 mm (lot No. 10.11.26 DS).  

 

2.2. Water sorption  

 

Initial moisture contents of spaghetti based 

on dry solid, 0X , were determined by drying 

about 0.2 g of sample, the weight of which had 

been accurately measured, in a convection 

drying oven (DO-300FA, As One, Japan) at 
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105°C for 4 days. The measurement was 

repeated three times. Culture tubes containing 

about 50 cm3 of distilled water were equilibrated 

at 20, 40, 50, 55, 60, 70, 80, or 90°C in an SD 

thermominder and Personal-11 water bath 

(Taitec, Saitama, Japan). A sample cut into 

9-cm-long, the weight of which was about 0.20 

g, 0.26 g and 0.33 g for the 1.4-mm, 1.6-mm and 

1.8-mm spaghetti respectively, was immersed 

into a tube (About 15 tubes were prepared under 

a specific condition). At a given time, the sample 

was removed from the tube, immediately blotted 

to remove any superficial water, and weighed, 

0W . The samples were dried in the convection 

drying oven at 105°C for 4 days, and weighed, 

1W . 

 

2.3. Volume measurement 

 

After the water sorption for a given period, 

the sample was immersed in a burette containing 

hexane (25°C), and the sample volume was 

measured from the increase in the volume in the 

burette, assuming that a penetration of hexane 

into the spaghetti can be ignored. The samples 

were then dried in the convection drying oven at 

105°C for 4 days, and weighed. 

 

2.4. Thermal analysis 

 

The gelatinization of spaghetti samples was 

measured by differential scanning calorimetry 

(DSC-50, Shimadzu, Kyoto, Japan). The sample 

was ground into a fine powder by using a pestle 

and mortar. The ground sample was accurately 

weighed (1.5 mg) using a thermogravimetric 

analyzer (TGA-50, Shimadzu) and moistened 

with distilled water at a weight ratio of dry 

sample to water of around 1:6.5. The sample was 

sealed into an aluminum cell (seal cell 

201-53090, Shimadzu) using a SSC-30 sealer 

crimper (Shimadzu). The cell was placed in a 

DSC pan with another cell in which the same 

amount of distilled water was sealed as a 

reference. The samples were heated in the DSC 

at 5oC/min from 20 to 120oC. The start ( sT ), 

peak ( pT ), and conclusion ( cT ) temperatures for 

an endothermic peak were computed using 

analysis software supplied with the instrument. 

Each experiment was carried out in duplicate. 

 

2.5. Pore analysis 

 

2.5.1. Pore-size distribution 

 

The pore-size distribution of spaghetti was 

analyzed by mercury intrusion porosimetry 

(Autopore 9520, Shimadzu) applying a pressure 

of up to 414 MPa. The pore diameter was 

calculated according to the Washburn equation 

(Washburn, 1921): 

cm /cos4 dP    (1) 

where mP is the pressure (N·m-2), γ is the surface 

tension of the mercury (N·m-1), θ is the contact 

angle between mercury and the sample, and dc is 

the diameter of the capillary (m). The surface 

tension of the mercury of 4.85×10-1 N·m-1 and 

the contact angle of 130o were used to calculate 

the pore size from the pressure measurement. 

The volume of mercury intruded at the 

maximum pressure was considered to be the 

total porosity. A sample of approximately 3 g 

was kept under vacuum at room temperature for 

15 h for intrusion. An initial pressure was 7 kPa. 

The measurement was carried out in duplicate. 

 

2.5.2. Atomic force microscopy 
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The surface of spaghetti was observed by a 

SPM-9500 atomic force microscope (AFM) 

(Shimadzu) with a silicon nitride triangular 

cantilever with a sharpened pyramidal tip 

(OMCL-TR800PSA-1, Olympus, Tokyo, Japan) 

having a nominal spring constant of 0.15 N/m. 

The imaging was performed in the constant 

contact force mode with a nominal imaging 

force of 16 nN. The scan area was 25 μm2 with a 

scan frequency at 1.0 Hz. The image was 

modified using the analysis software installed in 

the instrument. 

 

2.6. Statistical analyst 

 

The coefficients of the nonlinear regression 

between the observed and calculated values 

were determined using Solver in Microsoft 

Office Excel 2007®. An accidental error of the 

coefficient was evaluated with a confidence 

level of 95% (P < 0.05) by linearization (Miller 

and Miller, 1988). The good fit of the model was 

evaluated on the basis of the coefficient of the 

determination (R2) and the root-mean-square 

deviation (RMSD). The RMSD is defined as 

(Sopade et al., 1992)  

 



n

i
t XX

n 1

2
pi

1
RMSD   (2) 

where n is the number of experimental points, Xt 

is the experimental moisture content, and Xpi is 

the predicted moisture content.  

 

3. Results and Discussion 

 

3.1. Loss of spaghetti mass 

 

   The spaghetti components leak into the 

immersed water during water sorption, resulting 
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Figure 1 - Amount of loss of the spaghetti mass 
during water sorption at 90°C for the spaghettis 
with initial diameters of 1.6mm (), at 50oC for 
the spaghettis with initial diameters of 1.4 mm 
(), 1.6 mm (), 1.8mm (), and at 20°C for 
the spaghettis with initial diameters of 1.6mm 
( ). The amount of loss was expressed as kg·kg 

-1-initial mass (i.s.). 

 

in the loss of its mass. The amount of the loss of 

spaghetti mass is generally significant, although 

a small amount of loss is preferred for a high 

quality of cooked spaghetti (Del Nobile et al., 

2005). However, no correction was made for the 

loss in previous studies focused on the modeling 

of the moisture content. Figure 1 shows the 

relationship between the amount of the loss of 

spaghetti mass (initial solid (i.s.) basis) , Mt, and 

the quotient of time by square of the diameter, 

t·d -2, where d is the initial diameter of the 

spaghetti (m) at 20, 50, and 90oC. The Mt value 

was greater at the longer immersion time and at 

the higher temperature of the immersed water. 

The Mt value reached approximately 0.2 

kg·kg-1-i.s., which corresponded to 

approximately 20% of the spaghetti mass. The 

optimal “boiled condition” for dried spaghetti, 

called al dente, is cooked so as to be firm but not 

hard. The Mt value at al dente, which was 
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attained around 7 min for 1.6 mm diameter 

spaghetti in Fig.1, was about 0.032 kg·kg-1-i.s. 

The moisture content at the early stage of water 

sorption, such as the condition of al dente, was 

only slightly affected by the loss. On the other 

hand, the effect of the loss on the moisture 

content at the latter stage became significant. 

Therefore, the loss should be considered to 

characterize the water sorption process. 
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Figure 2 - Temperature dependencies of the 
equilibrium amount of loss Me () and the rate 
constant k (). 

 

The plots of Mt vs. t·d -2 for the spaghettis of 

3 different diameters (1.4, 1.6, and 1.8 mm) at 

50oC lay on a curve (Fig. 1). This fact indicated 

that the amount of loss of the spaghetti mass 

depends on the surface area of the spaghetti 

because the square of the diameter is 

proportional to the surface area. The equation (3) 

could express the observed amount of loss 

during water sorption as a function of time.  

)]/exp(1[ 2
e dktMM t   (3) 

where Me is the equilibrium amount of the loss 

of spaghetti mass (kg·kg-1-i.s.) and k is the rate 

constant (m2·s-1). The maximum value of RMSD 

for the observed and calculated Mt values was  
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Figure 3 - Changes in the moisture content at 
50oC (closed symbols) and 80oC (open symbols) 
for the spaghettis with initial diameters of 1.4 
mm (), (), 1.6 mm (), (■), and 1.8mm 
(), (). 

 

0.450, which demonstrates the suitability of Eq. 

(3) for describing the experimental loss of the 

spaghetti mass. Figure 2 shows the temperature 

dependencies of the Me and k values. The k value 

was not affected by temperature, but the Me 

value became large in reverse proportion to the 

absolute temperature. This result suggested that 

the leaking of spaghetti components into the 

immersed water during water sorption is a 

mechanical change such as exfoliation, not the 

chemical or physical changes such as the 

hydrogen bond breaking, diffusion, or 

absorption. 

 

3.2. Water sorption at various temperatures 

 

   Figure 3 shows the relationship between the 

moisture content, Xt, and the quotient of time by 

square of the diameter, t·d -2,for the 1.4, 1.6, and 

1.8 mm diameter spaghettis at 50 and 80°C. The 

moisture content based on the net mass of 

spaghetti, Xt, was calculated by Eq. (4). 

  110 /WWWX t    (4) 
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Figure 4 - Water sorption of spaghetti at 90°C 
(), 80°C (), 70°C (), 60°C ( ),55°C (), 
50°C (), 40°C ( ), and 20°C ( ). The 
spaghetti with an initial diameter of 1.6 mm was 
used. The water content tX was expressed as 
kg-water sorbed per dry solid (d.s.). 

 

The Xt values were larger at a higher 

temperature. The plots of Xt vs. t·d -2 for the 

spaghettis of 3 different diameters lay on a curve 

at any temperature. This fact indicated that the 

water sorption of spaghetti is governed mainly 

by the water diffusion.  

   The hyperbolic equation has been applied to 

describe the moisture content of spaghetti as a 

function of time t (Cunningham et al., 2007; 

García-Pascual et al., 2005, 2006). In this study, 

we applied the equation of hyperbolic type (Eq. 

(5)) to describe the Xt value using the t·d -2 as an 

independent variable instead of time t. 

02

2

)/(

)/(
X

dtb

dta
Xt 




   (5) 

where a (kg-H2O·kg-1-d.s.) and b (s·m-2) are 

constants. Figure 4 illustrates the water sorption 

process at 20-90oC. The solid curves were 

calculated using the estimated a and b values. 

The maximum value of RMSD for the observed 

and calculated Xt values was 0.030, which 

demonstrates the appropriateness of Eq. (5) for 

describing the experimental water sorption char- 
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Figure 5 - Temperature dependencies of the 
equilibrium moisture content a () and the 
initial rate of water sorption a/b (). The a and 
a/b value were determined at the confidence 
level of 95%. 

 

acteristics of spaghetti.  

The constants, a and b, were estimated to 

best-fit the calculated Xt values to the 

experimental ones using the Solver in Microsoft 

Excel ®. The solid curves in Figs. 3 and 4 were 

drawn using the estimated a and b values. 

 

3.3. Equilibrium moisture content 

 

The equilibrium moisture content at t = ∞, 

eX , is given by Eq. (6).  

0e lim XaXX t
t




  (6) 

The equilibrium moisture content, eX , can be 

approximated by a because the 0X value is much 

less than the a value. The temperature 

dependence of the a value was analyzed using 

Eq. (7) based on van’t Hoff’s equation.  

R

H

Td

ad 


)/1(

ln 
   (7) 

where ∆H is a change in the enthalpy of the 

water sorption (J·mol-1) and R is the gas constant 

(8.314 J·mol-1·K-1). The a values were plotted 
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versus the reciprocal of the absolute temperature 

(Fig. 5). The plots would be separated in 3 

regions: high temperature, transition, and low 

temperature regions. The gelatinization 

temperatures, sT (45.3oC), pT (60.5oC), and 

cT (69.8oC), were obtained from the analysis of 

the DSC curve. The start and end temperatures 

of the transition region were 45oC and 60oC, 

respectively. These results indicated that starch 

in spaghetti was not gelatinized in the low 

temperature region but completely gelatinized in 

the high temperature region. In the low 

temperature region, the ∆H value was 1.44 

kJ·mol-1 (the value of a at T = ∞ was 2.06 

kg-H2O·kg-1-d.s.) and the a value was small. On 

the other hand, in the high temperature region, 

the ∆H value was 25.1 kJ·mol-1 (R 2 > 0.992) (the 

value of a at T = ∞ was 3.16×10-4 

kg-H2O·kg-1-d.s.) and the a value was large. 

The moisture content significantly increases 

with the starch gelatinization due to the high 

carbohydrate content of the spaghetti (72%) 

(Nagao et al., 2003). Starch sorbs water 

reversibly, and the water is mainly held in an 

amorphous region of the starch at temperatures 

lower than the gelatinization temperature (i.e., in 

the low temperature region in Fig. 5) (Nagao et 

al., 2003). That is, the water would interact with 

the spaghetti components by a weak force such 

as van der Waals’ force. The reversible 

interaction with the weak attractive force 

resulted in a small ∆H value and water retention 

in the pores resulted in a small a value in the low 

temperature region. On the other hand, the 

heating of the starch with water at temperatures 

higher than the gelatinization temperature (i.e., 

in the high temperature region in Fig. 5) causes 

an irreversible change in both the amorphous 

and crystalline regions (Nagao et al., 2003;  
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Figure 6 - Estimation of the apparent specific 
volumes of water in spaghetti at 80°C (‒‒) and 
40°C (------). The spaghetti with an initial 
diameter of 1.8 mm was used. 

 

Fuwa et al., 2003) to break intra- and/or 

intermolecular hydrogen bonds of amylopectin 

and amylose, which both maintain the structure 

of starch. The sorbed water would form a 

hydrogen bond with the hydroxyl group of the 

exposed sugar residues. The force of the 

hydrogen bond is much stronger than van der 

Waals’. The irreversible reaction with a strong 

adhesive force resulted in an extremely large ∆H 

value and the swelling by starch gelatinization 

(hydration) resulted in a large a value in the high 

temperature region. 

 

3.4. Specific volume of water 

 

   Figure 6 shows the relationship between the 

increase in the volume of the spaghetti and the 

weight of the sorbed water. The slope of the line 

gives the apparent specific volume of water in 

the spaghetti. The volumes were 1.02 ± 1.5×10-1 

and 0.99 ± 2.2×10-2 mL·g-1 (P < 0.05) at 40°C 

( < sT ) and 80°C ( > pT ), respectively. Although 

the difference in the specific volume was not 

significant, the specific volume at 40°C was 
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larger than that at 80°C. Sorbed water would fill 

the pores of the spaghetti at temperatures lower 

than the gelatinization temperature, but the water 

would also penetrate into the gelatinized region 

of the spaghetti at higher temperatures. Water 

which penetrated into the region seemed to 

result in a smaller volume. However, further 

studies are required to elucidate the reason for 

the difference in the specific volume of water in 

spaghetti. 

 

3.5. Initial rate of water sorption 

 

The initial rate of water sorption, 0v , which 

is a derivative of Xt at t = 0, is given by the a/b 

value (Eq. (8)). 

badtdXdv
tt  0

2
0 /   (8) 

The temperature dependence of the initial 

rate of water sorption is reported to be expressed 

by the Arrhenius equation Eq. (9) (Maskan, 

2002). 

 RTEAbav /exp/ a00   (9) 

where A0 is the frequency factor 

(m2·kg-H2O·s-1·kg-1-d.s.), and Ea is the activation 

energy (J·mol-1). Figure 5 shows the relationship 

between the initial rate of water sorption and the 

reciprocal of the absolute temperature. The plots 

lie on a line (R 2 =0.969) in the entire 

temperature range. The Ea and A0 values were 

estimated to be 30.5 kJ·mol-1 and 1.36×10-4 

m2·kg-H2O·s-1·kg-1-d.s., respectively. 

   The temperature dependence of the a value 

in the high temperature region was different 

from that in the low temperature region, being 

significantly affected by the starch gelatinization. 

On the other hand, the temperature dependence 

of a/b could be expressed by Eq. (9) in the entire 
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Figure 7 - The pore-size distribution of 
spaghetti by the mercury intrusion porosimetry, 
where V is the cumulative intrusion of mercury. 
The median and mode radii were 0.66 and 0.75 
μm, respectively. 

 

temperature range. This result indicated that the 

initial rate of water sorption was not affected by 

the starch gelatinization. 

Figure 7 shows the pore-size distribution of 

spaghetti by mercury intrusion porosimetry, and 

Fig. 8 shows the AFM image of the spaghetti 

surface. These results showed that spaghetti was 

a porous material and the pores of around 0.7 

μm were distributed on the surface. The water 

diffused from the surface to the center of the 

spaghetti through the pores would form the hy- 
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Figure 8 - AFM image of the spaghetti surface. 
The x and y scan sizes were both 5 μm. The z 
max was 308.90 nm. 
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drogen bond with a hydroxyl group at 

temperatures higher than the gelatinization 

temperature. The hydration rate is, however, 

assumed to be much faster than the diffusion rate 

of water. Thus, the rate of water sorption was 

governed by the diffusion rate of water, although 

the equilibrium moisture content was limited by 

the state of the starch gelatinization. Therefore, 

the initial rate of water sorption was not slightly 

affected by the starch gelatinization. 

   The initial rate of water sorption has a close 

relationship to the optimal immersion time 

because al dente is the state at the early stage of 

the water sorption. The initial rate of water 

sorption was significantly affected by the 

diffusion rate of water through the pores. 

Therefore, in order to shorten the immersion 

time, it would be necessary to enlarge the pores 

of spaghetti. 

 

4. Conclusion 

 

   The loss of spaghetti mass should be 

considered to predict the moisture content of the 

spaghetti with a high accuracy. We proposed the 

equation to predict the amount of loss of 

spaghetti mass during water sorption which was 

proportional to the surface area of spaghetti. The 

leakage of spaghetti components into immersed 

water during water sorption was thought to be 

the mechanical change such as exfoliation. The 

equilibrium moisture content showed the 

temperature dependence of van’t Hoff type 

separately at the temperatures higher than pT  

and lower than sT . The initial rate of water 

sorption showed a temperature dependence of 

the Arrhenius type in the temperature range of 

20-90oC. The rate of water sorption was 

governed by the water diffusion through the 

pores of the spaghetti, because the hydration rate 

seemed to be much faster than the diffusion rate 

of water. On the other hand, the equilibrium 

moisture content was limited by the state of 

starch gelatinization at any temperature. The 

empirical equation, the parameters of which 

were the diameter of spaghetti, immersion time, 

and temperature of the immersed water, was 

proposed to predict the moisture content, taking 

into consideration the effect of starch 

gelatinization. 

 

Nomenclatures 

 

a constant number ( kg-H2O·kg-1-d.s.) 

A0 frequency factor (m2·kg-H2O·s-1·kg-1- 

d.s.) 

b constant number (s·m-2) 

d  initial diameter of spaghetti (m) 

cd  diameter of capillary (m) 

aE  activation energy (J·mol-1) 

k rate constant (m2·s)  

Me equilibrium loss of spaghetti mass 

(kg·kg -1-i.s.) 

Mt loss of spaghetti mass at time t (kg·kg 

-1-i.s.)  

n number of experimental points 

P  P -value 

mP  pressure (N·m-2) 

R gas constant (8.314 kJ·mol-1·K-1) 

R2 correlation coefficient 

t time (s) 

T  absolute temperature (K) 

cT  conclusion temperature of gelatiniza 

-tion (oC) 

pT  peak temperature of gelatinization (oC) 

sT  start temperature of gelatinization (oC) 

0v  initial rate of water sorption (m2·kg- 

H2O·s-1·kg-1-d.s.) 
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V cumulative intrusion (m3· kg -1) 

0W  mass of spaghetti after water sorption 

(kg) 

1W  mass of spaghetti after drying (kg) 

eX   equilibrium moisture content (kg-H2O 

·kg -1-d.s.) 

piX   predicted moisture content (kg-H2O·kg 

-1-d.s.) 

tX   moisture content based on the net mass 

of spaghetti at time t (kg-H2O·kg -1- 

d.s.) 

0X  initial moisture content (kg-H2O·kg-1- 

d.s.) 

∆H  change in enthalpy (J·mol-1) 

γ surface tension (N·m-1) 

θ contact angle 
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