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Abstract 
Air drying kinetics of Bifurcaria bifurcata brown seaweed at 35, 50, 60 and 
75°C were determined. Experimental drying data were modelled using two-
parameter Page model (n, k). Page parameter n was constant (1.28) at tested 
temperatures, but k increased significantly with drying temperature from 35 to 
60ºC and was invariant at higher temperatures (up to 75ºC). Drying 
experiments allowed the determination of the critical moisture content of 
seaweed (1.6 ± 0.2 kg water (kg d.b.)−1). Mass transfer coefficients during 
constant drying rate period and effective coefficients of water diffusion during 
falling drying rate period were evaluated, assuming cyclindrical geometry and 
considering volumetric shrinkage. 
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1. Introduction 

Bifurcaria bifurcata is a brown seaweed geographically distributed in the Western Europe 
and Sahara coasts. The main use is the extraction of compounds (alginates and other 
products) used by pharmaceutical, cosmetics and food industries [1]. Although the human 
consumption of this seaweed is not as extended as other seaweeds such as Laminaria spp., 
Undaria pinnatifida, its high content of polysaccharides, proteins and minerals [2] and 
antioxidants [3] makes attractive the use of this seaweed as food product. In fact, the direct 
human consumption worldwide in recent years is increasing. 

Drying is a very employed operation in order to obtain stable food products whose storage 
as fresh product can be difficult. In the case of seaweeds, traditionally the water removal is 
carried out by solar drying, but the increasing demand of more homogenous and better quality 
dried products must be satisfied by means of the use of other industrial methods like 
convective hot air drying. In this sense, the experimental determination of the more adequate 
drying conditions is necessary to obtain a final dried product with acceptable characteristics. 
A scarce number of studies on mathematical modelling of drying kinetics of seaweeds can 
be found in literature. In example, Lemus et al. [4] studied the drying kinetics of the red 
seaweed Gracilaria chilensis and Vega-Gálvez et al., [5] the drying of brown seaweed 
Macrocystis pyrifera. However, no studies on drying kinetics of fresh Bifurcaria bifurcata 
were found. The aim of this work was to determine the drying kinetics of Bifurcaria bifurcata 
at different temperatures and the corresponding modelling of the drying periods. 

2. Materials and Methods 

Fresh brown Bifurcaria bifurcata seaweeds (4.59 ± 0.28 kg water·(kg dry solid)-1, d.b.)  
selected with similar sizes (100-150 mm length and 1.5-2.0 mm diameter) were dried in a hot 
air convective dryer (Angelantoni, Challenge 250, Italy), at four air temperatures (35, 50, 60 
and 75ºC). Relative humidity (30%) and air velocity (2 m·s-1) remained constant. Seaweeds 
were placed on a metallic mesh (45x45 cm2) allowing the transversal air flow during drying. 
A thin layer configuration involving the use minimum amount of seaweeds to cover initially 
the drier tray (load density of 2.04 ± 0.02 kg·m-2) was employed. 

Samples were weighed using a balance (Cobos D-6000-CS, ± 0.1 g, Spain), during drying 
until achieve a constant weight. All experiments were performed, at least, in triplicate. 

Drying kinetics were modelled by Page model [6], Eq. (1): 

𝑀𝑀𝑀𝑀 = 𝑒𝑒−𝑘𝑘𝑡𝑡𝑛𝑛                                    (1) 

where k (min-n) and n (-) are the model parameters. The dimensionless moisture content or 
moisture ratio, MR (-), was calculated by Eq. (2): 
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𝑀𝑀𝑀𝑀 = 𝑋𝑋𝑡𝑡−𝑋𝑋𝑒𝑒𝑒𝑒
𝑋𝑋0−𝑋𝑋𝑒𝑒𝑒𝑒

                                                                             (2) 

where Xt is the moisture content (d.b.) at any drying time, X0 is the initial moisture content 
(d.b.) and Xeq is the equilibrium moisture content of the sample (d.b.). 

2.1. Sample surface area and shrinkage determination 

Sample surface area and shrinkage of seaweeds were estimated following the same 
procedure.Samples (0.5-1.5 g) dried at several times were immersed into n-heptane at 21ºC. 
The initial volume (V0, m3) of the samples and the volume at different drying times (V), were 
measured applying Archimedes' principle.A volume shrinkage with moisture content (V/V0 
vs X) relationship was obtained. External surface area of the monolayer was estimated 
assuming cylindrical geometry of the seaweed and the tray surface is fully covered initially. 
The initial radius of  seaweed branches was determined (2.3 ± 0.3 10-3 m). Volume shrinkage 
was mainly governed by radius decrease (L/r0 > 100) and Eq. (3) was obtained: 

𝑉𝑉
𝑉𝑉0

= 𝜋𝜋𝑟𝑟𝑥𝑥2𝐿𝐿
𝜋𝜋𝑟𝑟0

2𝐿𝐿
→ 𝑟𝑟𝑥𝑥 = �𝑉𝑉𝑟𝑟0

2

𝑉𝑉0
                                                                                                     (3) 

where L (m) is the length, r0 and rX (m) the initial and the radius of sample at different 
moisture content. The surface area ratio of monolayer can be calculated by Eq. (4): 

𝑆𝑆𝑋𝑋
𝑆𝑆0

= 2𝜋𝜋𝑟𝑟𝑋𝑋 𝐿𝐿𝑁𝑁𝑠𝑠
2𝜋𝜋𝑟𝑟0 𝐿𝐿𝑁𝑁𝑠𝑠

= 𝑟𝑟𝑋𝑋
𝑟𝑟0

                                                                                                               (4) 

where SX (m2) is the surface area of seaweed monolayer at each moisture content, S0 the 
initial surface area of the monolayer and Ns is the number of seaweed samples that can be 
placed in the monolayer (L/(2 r0)). Employing the Eq. (3), the relationship between surface 
area of seaweed monolayer and volumetric seaweed shrinkage resulted on Eq. (5): 

𝑆𝑆𝑋𝑋
𝑆𝑆0

= �𝑉𝑉
𝑉𝑉0

                                                                                                                                (5) 

The determination of surface area of seaweeds monolayers allowed the specific drying rate, 
ws (kg water kg dry solid-1 m-2 min-1), evaluation by means of Eq. (6): 

𝑤𝑤𝑠𝑠 = 1
𝑆𝑆𝑋𝑋

𝑋𝑋𝑡𝑡𝑛𝑛−1−𝑋𝑋𝑡𝑡𝑛𝑛
𝑡𝑡𝑛𝑛−𝑡𝑡𝑛𝑛−1

                                                                                                                    (6) 

The ws vs X curve was used for the critical moisture content (Xc, d.b.) evaluation at tested 
temperatures and the end of the constant drying rate period. 

2.1.1. Constant drying rate period modelling 

During the constant drying rate period the coefficients of mass transfer (Kt, m s-1) and the 
convective heat transfer (ht, W·m2·K-1), were determined by Eqs. (7) and (8): 
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𝑤𝑤 = 𝑋𝑋𝑡𝑡𝑛𝑛−1−𝑋𝑋𝑡𝑡𝑛𝑛  

𝑡𝑡𝑛𝑛−𝑡𝑡𝑛𝑛−1
=  𝐾𝐾𝑡𝑡 𝜌𝜌𝑎𝑎𝑎𝑎𝑎𝑎 𝑎𝑎

𝜌𝜌𝑠𝑠
(𝑌𝑌𝑖𝑖  −  𝑌𝑌𝑎𝑎𝑖𝑖𝑟𝑟)                                                                        (8) 

𝑤𝑤 = ℎ𝑡𝑡 𝑎𝑎
∆𝐻𝐻𝑣𝑣 𝜌𝜌𝑠𝑠

(𝑇𝑇𝑖𝑖  −  𝑇𝑇)                                                                                                  (9) 

where w (kg water·kg dry solid-1·s-1) is the mass flow of evaporated water, Yi and Yair (kg 
water (kg dry air-1)) are the interphase and bulk absolute moisture content of air, respectively, 
ρair (kg·m3) is the air density at drying temperature, ρs (kg dry solid·m-3) is the apparent 
density of seaweed layer, a (m2·m-3) is the total interfacial surface (assuming water transfer 
by both sides of the layer) per unit of layer volume, Ti and T (ºC) are the interphase and dry 
temperature of air, respectively and ∆Hv (J·kg-1) is the latent heat of vaporization of water at 
the interphase temperature. The interphase properties (Yi and Ti), during pre-critical drying 
period, were considered as the wet-bulb properties of the air employed for drying. 

2.1.2. Falling drying rate period modelling 

The falling drying rate period of drying was modelled employing the analytical solutions to 
Fick's diffusion equation to determine the effective coefficients of water diffusion through 
the sample under some assumptions [6]. Briefly, the distribution of the moisture within the 
product is uniform; at t > 0 surface reaches equilibrium moisture and all resistances to water 
removal are inside the material (the external resistances are negligible). Moreover, the 
shrinking effect on the characteristic dimension (rx) of seaweeds was taken into account. The 
fitting of the experimental data of the falling drying rate period was carried out employing 
the following ratio, Eq. (10):  
𝑀𝑀𝑡𝑡
𝑀𝑀∞

= 𝑋𝑋−𝑋𝑋𝑒𝑒
𝑋𝑋𝑐𝑐−𝑋𝑋𝑒𝑒

                                                                                                               (10) 

where Mt (g) is the amount of water removed at time t (min), M∞ (g) is the total amount of 
water removed until the equilibrium is reached. The analytical solutions associated to the 
cylindrical geometry for short Eq. (11) and long Eq. (12) times are:  

Mt
M∞

= 4
𝜋𝜋1/2 �

Deff·t
𝑟𝑟𝑥𝑥2

�
1/2

− Deff·t
𝑟𝑟𝑥𝑥2

− 1

3·𝜋𝜋
1
2
�Deff·t

𝑟𝑟𝑥𝑥2
�
3/2

 when   0 < Mt/M∞ < 0.6                     (11) 

Mt
M∞

= 1 − ∑ 4
𝛼𝛼𝑛𝑛2

∞
𝑛𝑛=1 𝑒𝑒−𝐷𝐷𝑒𝑒𝑒𝑒𝑒𝑒·𝛼𝛼𝑛𝑛2 ·𝑡𝑡/𝑟𝑟𝑥𝑥2                        when   0.4 < Mt/M∞ < 1                     (12) 

where αn (-) are the roots of the first order Bessel function for each term n. In this case, three 
terms (α1, α2 and α3 are 2.405, 5.520 and 8.654) of the Eq. (12) were considered enough to 
fit the experimental data. Water diffusivity values for short and long times were obtained 
using Microsoft Excel (Solver add-on) by means of nonlinear programming in which the root 
mean square error, ERMS, between experimental and calculated data is minimized. The final 
values of water diffusivity for the whole falling rate period were calculated by the weighted 
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arithmetic mean (as function of the number of data for each time) of the water diffusivity 
obtained with the corresponding models for short and long times. 

3. Results and Discussion 

Figure 1 (left) shows the drying kinetics of Bifurcaria bifurcata at different temperatures. As 
it can be seen, a temperature increase from 35ºC to 60ºC decreased the drying time. The 
necessary drying time to achieve a MR of 0.03 was shortened from 100 to 60 min with no 
differences between drying at 60ºC or 75ºC. 

  

Fig. 1 Experimental drying (left) and specific drying rate curves (right) for Bifurcaria bifurcata at 
35ºC (♦), 50ºC (■), 60ºC(▲) and 75ºC (●). Lines correspond to Eq. (13) (right) and to diffusional 

model (postcritical period) and Eq.(8) (precritical period) for cylindrical geometry (right). 

Drying kinetics experimental data were satisfactorily (R2 ≥ 0.999) fitted employing Page 
model, Table 1. No significant differences existed between drying at 60ºC and 75ºC which 
means that regarding drying time, the  drying at 60ºC is more adequate. Moreover, n 
parameter of Page model was constant for all drying temperatures. This fact, allowed the 
establishment of a unified model able to fit drying kinetics throughout the range of 
temperatures tested (35-60ºC): 

𝑀𝑀𝑀𝑀 = 𝑒𝑒−(−1.36·10−3−2.90·10−4𝑇𝑇)𝑡𝑡1.28                                                                                    (13) 

Table 1. Values of the Page model parameters (k, n), Eq. (2) and statistical coefficients (R2, ERMS) 
for drying curves of Bifurcaria bifurcata.♣ 

T (ºC) k·103 (min-n) n (-) ERMS (-) R2 
35 8.7±0.08c 

1.28 

0.01 0.999 
50 12.8±1.15b 0.01 0.999 
60 17.8±0.65a 0.01 0.999 
75 18.6±0.77a 0.01 0.999 

♣. Data value of each parameter with different superscript letters in columns are significantly different (P≤0.05). 
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Comparing with other brown seaweeds dried in similar conditions it can be said that 
Bifurcaria bifurcata has a similar behavior with drying temperature of the one observed for 
Fucus vesiculosus (FV) [7]. However, this behaviour was different of the one observed for 
other brown seaweed such as Ascophyllum nodosum and Undaria pinnatifida where 
temperatures higher than 60ºC significantly decreased drying time [8]. 

3.1. Sample surface area and shrinkage during drying determination 
The specific drying rate in thin layer configuration was evaluated using Eq. (6) considering 
that Sx varied with seaweed moisture content according to a empirical non-linear relationship: 
𝑆𝑆𝑥𝑥
𝑆𝑆0

= √−1.0 + 1.06𝑒𝑒−0.11𝑋𝑋                                                                                               (14) 

The shrinkage of samples during drying significantly reduced the characteristic dimension 
(r) of seaweeds. r from 1.2±0.1·10-3 to 5.8±0.3·10-4 m at Xc. No significant differences on 
shrinkage behavior of seaweeds with temperature were observed indicating that these 
properties are more related to moisture content than to air drying rate. Experimental shrinkage 
data in terms of variation of characteristic dimension with time were correlated with moisture 
content as follows: 

𝑟𝑟𝑥𝑥 = �−1.0 + 1.06𝑒𝑒−0.11𝑀𝑀𝑀𝑀 · (1.2 · 10−3)2                                                                    (15) 

where MR is evaluated by Page model,  Eq. (1). 

The specific drying rate vs moisture content for all tested temperatures is shown in Figure 1 
(right). It can be clearly observed the common drying periods. Namely, at high moisture 
content the constant drying rate period and below Xc begins the falling rate period. No 
noticeable variations were observed on Xc with temperature (1.6±0.2 d.b.). 

3.2. Constant drying rate period: mass and heat transfer coefficients 
The modelling of constant drying rate period employing Eqs. (8) and (9) showed that no 
significant differences were found in the convective mass (Kt) and heat (ht) transfer 
coefficients with temperature.  

In the case of Kt ((21.8 ± 2.0)·10-3 m·s-1) the values are higher than those observed by da 
Silva et al. [9] who reported values of Kt from 0.8±10-3 to 1.9±10-3 m·s-1 for pear drying in a 
forced air oven at higher temperatures (between 68 and 92ºC).  

The corresponding values of ht (19.9±0.9 W·m-2·K-1) are in the range reported by Bird et al. 
[10] who indicated that a typical magnitude of convective heat transfer coefficient varies 
from 3 to 20 W·m-2·K-1. 
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3.3. Falling drying rate period: effective coefficient of water diffusion through the 
seaweed 

During the falling-rate period the shrinking effect on the characteristic dimension was taken 
into account in order to obtain the water diffusion coefficient through the seaweed. 
Diffusional modelling of drying during post-critical period was satisfactorily performed (R2 

> 0.986 and ERMS < 0.03) by diffusional model for cylindrical geometry (Eqs. (11) and (12)), 
Table 2. 

Table 2. Effective coefficients of diffusion of water (Deff ) and statistical coefficients (R2, ERMS) for 
Bifurcaria bifurcata seaweed drying at different temperatures.♣ 

T (ºC) Deff·1012 (m2·s-1) ERMS (-) R2 
35 12.43±0.64c 0.02 0.988 
50 18.14±0.92b 0.03 0.998 
60 21.97±0.27a 0.03 0.986 
75 20.35±1.31a 0.03 0.989 

♣Data value of each parameter with different superscript letters in columns are significantly different (P≤0.05). 

Water diffusion coefficient (Deff) significantly increased with drying temperature below 
60ºC, but no differences were observed between drying at 60ºC and 75ºC. This trend of Deff 
with temperature could be related to seaweed biopolymers could be washed away by the 
water flow and placed in the cell walls. This fact could make diffusion of water more difficult 
when drying above > 60ºC takes place and consequently the typical increase of water 
diffusion with drying temperature is lost. 

Compared with other works employing the same geometry, the obtained values were lower 
than those reported by Vega-Gálvez et al. [5] (2.8 to 22.4·10-9 m2·s-1) for drying temperatures 
from 30 to 70ºC for Gracilaria chilensis seaweed. Despite of this difference, it can be said 
that the values are in the range of the typical values for food stuff (10-9 to 10-11 m2·s-1 [11]). 

4. Conclusions 

Bifurcaria bifurcata drying experiments in thin layer configuration (from 35ºC up 75ºC) 
indicate that drying temperature increase up to 60ºC significantly decrease drying time in 
order to achieve the same moisture content, but no differences exist between drying at 60ºC 
75ºC. There are no significant differences on mass transfer coefficient with drying 
temperature increase during the constant drying rate period. However, the water diffusion 
coefficient during falling drying rate period shows a significant increase from 35 to 60ºC, 
with no differences between drying at 60ºC and 75ºC which may be related to seaweed 
biopolymers washed away by the water flow and placed in the cell walls when drying above 
> 60ºC takes place. 
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