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Abstract The Sarcocornia genus is an extreme salt-toler-

ant plant that can be cultivated in saline habitats almost

worldwide. To preserve Sarcocornia perennis, convective

drying experiments were conducted and their effects on the

physico-chemical properties and phenolic content of the

plant were studied using conventional and vibrational

spectroscopy techniques. The drying process of Sarcocor-

nia perennis at temperatures of 40 �C, 50 �C, 60 �C and

70 �C revealed three periods of convective drying process

with drying times ranging between 4.5 and 24.9 h,

respectively to higher and lower temperatures. The heating-

up period can be neglected as compared with the drying

process, and the duration of constant rate period, as a

percentage of the total drying time, ranged between 34 and

20% respectively at 40 �C and 70 �C. The Modified Page

model was proposed to describe the drying process at the

different temperatures. From a nutritional point of view,

this halophyte plant may be considered as a good source of

fibres, phenolic compounds and natural minerals, such as

sodium, potassium, calcium and magnesium. The convec-

tive drying, in the temperature range currently used, was

found to preserve the colour, nutritional characteristics and

phytochemical value of Sarcocornia perennis. These

results were confirmed by FTIR-ATR and highlight the

potential use of the dried plant in novel food products.

Keywords Halophyte plants � Sarcocornia perennis �
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Introduction

The prospect of global warming and freshwater reduction

leads to an increase of saline and dry conditions of the land

and led to an enhanced need for salt-tolerant crops. Due to

their extreme salt tolerance, genera Salicornia and Sarco-

cornia (Chenopodiaceae, subfamily Salicornioideae) can

be viewed as good candidate plants to be cultivated in

saline habitats almost worldwide (Ventura et al. 2011;

Ventura and Sagi 2013; Steffen et al. 2015; Flowers and

Colmer 2015; Garcı́a-Caparrós et al. 2017).

Sarcocornia (glasswort, samphire) is one of the 16

genera in the Salicornioideae and comprises about 28

succulent species which can be found worldwide, pre-

dominantly in warm-temperate and to a lesser extent in

subtropical regions (Kadereit et al. 2007; Steffen et al.

2015). Sarcocornia perennis is one of the most abundant

and representative salt marsh halophytes Mediterranean

systems and is characterized by succulent steam without

true leaves (de la Fuente et al. 2013; Rufo et al. 2016;

Duarte et al. 2018).
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The introduction of a diet with non-conventional plant-

based foods with nutritional value and functional compo-

nents is an innovative strategy to diversify and increase

food availability. The potential use of the aerial parts of

Salicornia and Sarcocornia species as a vegetable source

for human consumption is considered promising, given

their high nutritional value in terms of essential nutrients,

such as vitamins and natural minerals including Na, Ca,

Mg, Fe and K, as well as bioactive compounds such as

polyunsaturated fatty acids (a-linolenic, x3 and a-linoleic,
x6), phytosterols, polysaccharides and phenolic com-

pounds. These confer important biological properties, such

as antioxidant, anti-inflammatory, hypoglycemic and

cytotoxic activity (Jang et al. 2007; Zhu and Row 2010;

Ventura et al. 2011; Essaidi et al. 2013; Rodrigues et al.

2014; Isca et al. 2014; Bertin et al. 2016; Costa et al. 2018).

The beneficial components of the plants related to their

positive effect on human health render Sarcocornia a

promising functional food, receiving a renewed interest in

food and pharmaceutical markets (Patel 2016; Rahman

et al. 2018).

Sarcocornia’s visually appealing aspect in terms of

freshness and colour, coupled to its particular taste, nutri-

tional values and health benefits are attributes that warrant

its gourmet status (Ventura et al. 2011). Also, the natural

crude extracts and biologically active compounds (such as

omega-3 fatty acids, phenolic compounds, antioxidants or

minerals) of this halophyte may represent a valuable source

for developing a novel food product that satisfies the

desires of consumers in terms of health benefits and sen-

sorial acceptance (Costa et al. 2018).

Sarcocornia species and the almost identical halophyte

plant Salicornia have been introduced into the European

market as gourmet products with leafless shoots resembling

green asparagus. However, their recognition is more

widespread in Asian countries, where it is mostly used in

fresh salads and pickles (Ventura et al. 2011; Patel 2016).

In its dried and milled form, it is used as a herbal salt

(Bertin et al. 2016).

Sarcocornia and Salicornia genus are also well known

for their applications as medicinal herbs (Isca et al. 2014)

and also in human and domestic animal’s diet (Jang et al.

2007).

Fresh halophyte plants are sensitive to microbial spoi-

lage even when refrigerated, thus necessary to freeze or dry

them in order to extend their shelf-life. Drying is one of the

most widely preservation method, enabling stability at

room temperature. Apart from improving the product�s

shelf-life, this process allows its use as a flavouring, when

added or incorporated in other foods. Drying may also be

applied as a pretreatment for further processes such as

milling (to make powdered products) (Lee and Rhim 2010;

Karam et al. 2016). However, the drying process has a

great impact on the plant�s structural properties (e.g.

shrinkage, porosity, volume, density, pore size distribution,

surface area) and also impacts on its physicochemical

properties (e.g. texture, colour, nutritive value, appearance)

(Zielinska and Markowski 2010; Oikonomopoulou and

Krokida 2013; Nguyen et al. 2018; Yang et al. 2020).

Unlike aromatic herbs, halophyte plants have not yet

attained the same recognition in the food market, still being

underutilised for commercial and human consumption

either in fresh or dried state. Despite the increased interest

of the food industry in halophytes plants, the reported

studies regarding their drying process and its effect on the

plant�s nutritional qualities is still very scarce. Only one

study being found in the literature on several drying pro-

cesses (conventional air-drying at 45 �C, 60 �C and 75 �C,
microwave-drying, microwave-assisted air-drying and

freeze-drying) of a perennial halophyte sea fennel (Crith-

mum maritimum L.) and their impact on its properties

(Renna et al. 2017). According the study all drying treat-

ments allowed to obtain a water activity lower than 0.537

but reduced the content of essential oils (between 60 and

81%) and chlorophylls (up to 79%) of dried samples.

Freeze drying and microwaving preserved the surface

colour parameters more than other drying treatments, while

freeze-drying gave the best colouring powder. The dried

powdered sea fennel obtained with different treatments

were added to rice cream to develop a new product, pro-

moting the exploitation of sea fennel.

Different drying methods are used in the drying of

vegetables but conventional hot air drying is currently the

most widely used method for agricultural products and the

changes that occur in the food are mainly affected by

drying conditions (Sacilik 2007; Guiné et al. 2012; Arslan

and Özcan 2012).

The knowledge of the kinetics of the drying process is

pivotal for an accurate understanding of the corresponding

mechanism. Furthermore, the influence of variables such as

the air temperature, the characteristics of the material and

the initial and final moisture contents, on moisture transfer

and nutritional value should be evaluated.

Although several studies have been reported on the

drying process of various food products, there is still a lack

of information regarding the kinetics of the drying process

of Sarcocornia perennis and its effect on the plant�s

properties and nutritional benefits. The present work aimed

at determining the kinetics of the convective air drying of

Sarcocornia, in the range of temperatures from 40 to

70 �C, evaluating the effect of the process on the nutri-

tional, physico-chemical and phytochemical characteristics

of this halophyte plant. This should contribute to a better

exploitation of this species and foster its use in the devel-

opment of new food products.
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Materials and methods

Chemicals

Diethyl ether (99.7%), Folin-Ciocalteu’s phenol reagent,

Kjeldahl selenium catalyst (potassium sulphate 99.9% and

selenium 0.1%), methanol (99.5%) and sodium hydroxide

(98%) were purchased from PanReac AppliChem (Ger-

many), gallic acid (C 98%) and sodium carbonate (99.9%)

were obtained from Merck (Germany), while boric acid

(99.8%), hydrocloridric acid (37%) and sulfuric acid

(95–97%) were acquired from Chem-Lab NV (Belgium).

Biological material

Sarcocornia perennis was collected from salt pans in

Figueira da Foz—40� 6042.562700 N; 8�49059.703400 W

(central region of Portugal), during June 2016. The plants

displayed 15–20 cm offshoots. About 250–300 g of 10 cm

long samples from the youngest lateral branches and

branch tips were used in each drying experiment.

Experimental drying procedure

The drying kinetics experiments of fresh Sarcocornia were

performed in a laboratory scale tray dryer (ArmfieldLtd,

model UOP8), represented schematically in Fig. 1.

The drying unit consists of a tunnel equipped with

heating elements located on the top of the drying unit, and

an axial flow fan with adjustable speed yielding a range of

air velocities from 0.3 to 1.8 m/s. A power control adjusts

the heater power up to 3 kW varying the temperature of the

airstream up to 80 �C.
The sample mass was measured continuously with a

digital balance OHAUS (Adventurer Pro AV8101), with an

accuracy of 0.1 g, mounted on the top of the dryer body.

The sensors of humidity/temperature (HigroClip2 from

Rotronic) located upstream and downstream of the drying

chamber are external probes of the data logger HygroLog

HL-NT3. The ambient humidity and temperature were also

measured by a HigroClip2 element. The data from

humidity/temperature probes and digital balance were

acquired using a HiperTerminal emulator for the connec-

tion to a computer.

The velocity of the air at the tunnel outlet was measured

with an anemometer (model LCA6000) from Airflow

Developments. In order to have a representative value for

the velocity, the anemometer was located at each quarter of

the tunnel cross-section and the local velocity value was

measured. An average value was then calculated to repre-

sent a mean value of the air velocity over the entire cross-

section at the tunnel outlet. Additional details related with

the sketch of the tray dryer as well as the specification and

ranges of the measurement devices can be viewed in Castro

and Coelho Pinheiro (2016).

The initial moisture content of the samples was deter-

mined by weight loss in an oven, at atmospheric pressure

and 105 �C until constant weight (AOAC 1997).

For each independent drying experiment, the fan speed

and the heat power control were selected to obtain the air

conditions (velocity and temperature) required to dry the

Sarcocornia samples (250–300 g). At the beginning of

each experiment, the velocity, temperature and humidity of

the airstream, upstream and downstream of the drying

chamber, were periodically measured to verify steady-state

conditions. Once such conditions were reached, the fresh

Sarcocornia already in the trays was placed in the drying

chamber and its weight was recorded every 40 s. The air

conditions were also measured during the drying process,

with a view to confirm that the airstream humidity was

Fig. 1 Sketch of the tray dryer

(ArmfieldLtd, model UOP8). (1)

Fan speed controller; (2) heater

power controller; (3) balance;

(4) upstream location of the

humidity/temperature sensor;

(5) drying chamber (trays); (6)

downstream location of the

humidity/temperature sensor

(Castro and Coelho Pinheiro

2016)
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virtually constant and to determine its average value.

Table 1 comprises the mean values of the airstream drying

parameters, measured upstream and downstream of the

drying chamber during the experiments.

Each drying experiment was stopped when the sample

weight remained constant for at least half an hour, indi-

cating that the equilibrium moisture was reached.

Moisture content and drying rate curve

Using the recorded weight of wet Sarcocornia during the

drying process, the moisture content of the sample (X), at

each temperature, was obtained in a dry basis

X ¼ W �Ws

Ws

ð1Þ

where W represents the weight of the whole sample at

instant t and Ws is the weight of the solids present in the

initial wet sample (at instant t = 0).

The convective drying rate (R) was derived from the drying

curve through a finite difference method (Mujumdar 2006):

R ¼ �Ws

A

dX

dt
ffi �Ws

A

DX
Dt

ð2Þ

where A is the drying area, Ws is the weight of the solids

present in the initial wet sample, X is the moisture content

of the sample in a dry basis and t is the time.

Since mass values were collected at every 40 s, a huge

quantity of data was obtained during the drying process,

which can include random scatter due, for example, to the

uncertainty of the digital balance, or the vibration of the

tray caused by the airstream (Kemp et al. 2001). To reduce

this uncertainty, time intervals of 600 s for a temperature

of 40 �C, 400 s for 50 �C and 200 s for 60 �C and 70 �C,
were used in Eq. (2).

Mathematical approach to determine the critical

time

The convective drying process is characterized by the

existence of two characteristic periods: the constant drying

rate period and the falling drying rate process.

Castro and Coelho Pinheiro (2016) proposed a linear

equation X ¼ at þ bð Þ to fit the constant drying rate period

and a third-degree polynomial X ¼ ct3 þ dt2 þ et þ fð Þ to
fit the falling rate period. By differentiation of the above

equations and applying Eq. (2), it was possible to estimate

the correspondent convective drying rate for the constant

period (Rc),

Rc ¼ �Ws

A

dX

dt
¼ �Ws

A
a ð3Þ

and for falling rate period (R),

R ¼ �Ws

A

dX

dt
¼ �Ws

A
3ct2 þ 2dt þ e
� �

ð4Þ

The critical time (tc) that corresponds to the instant

where critical moisture (Xc) was reached, was obtained

when the values of the constant drying rate (Rc) and falling

rate period (R) were equal, resulting in the following

equation (Castro and Coelho Pinheiro 2016):

tc ¼
�2d þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4d2 � 12c e� að Þ

p

6c
ð5Þ

The transition between both drying rate periods was

obtained iteratively by a simple mathematical approach

proposed by Castro and Coelho Pinheiro (2016). After

obtaining the critical time, the critical moisture content was

easily identified.

The final fitted equations X(t), obtained after the itera-

tive methodology, were then differentiated and the drying

rate of the constant period (Rc) and falling rate period

(R) were calculated using, respectively, Eqs. (3) and (4).

Mathematical models to describe the drying process

Several models are currently available in the literature to

describe the drying process. Although drying-rate curves

have to be measured experimentally, they are practical and

give sufficiently good results in mathematical modelling of

food drying process. The semitheoretical models presented

in Table 2 were used to correlate the experimental data

obtained during the drying process of Sarcocornia perennis

at the different drying conditions.

Table 1 Airstream drying parameters measured during the experiments

Experiment Upstream the drying chamber Downstream the drying chamber Mean air velocity (m/s)

Temperature (�C) Relative humidity (%) Temperature (�C) Relative humidity (%)

40 �C 40.88 ± 1.12 21.96 ± 1.01 39.67 ± 0.99 24.16 ± 1.11 1.09 ± 0.03

50 �C 50.80 ± 0.71 19.87 ± 0.41 50.00 ± 0.72 21.87 ± 0.42 1.11 ± 0.02

60 �C 60.13 ± 0.71 8.93 ± 0.44 59.80 ± 0.81 8.46 ± 0.44 1.12 ± 0.01

70 �C 71.03 ± 1.03 5.96 ± 0.35 69.07 ± 1.04 5.94 ± 0.24 1.09 ± 0.02
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The moisture ratio (MR) in the model equations repre-

sents the dimensionless sample moisture content at time

t defined as (Erbay and Icier 2010):

MR ¼ X � Xe

Xi � Xe

ð6Þ

where Xe is the equilibrium moisture in the dry sample at

the end of the drying experiment (when equilibrium with

the surrounding atmosphere was achieved) and Xi is the

initial moisture content of the sample, all expressed in a dry

basis (gwater/gdry solid).

The nonlinear regression was used to correlate the

experimental sets of (MR, t) obtained in the drying process

at different temperatures. The software used was the Sigma

Plot (Version 8.0, SPSS, Inc.).

The goodness of the fit for each model was assessed in

the light of the coefficient of determination (R2), mean

absolute error (MAE), root mean square error (RMSE),

sum of square errors (SSE), standard error (SE) and

reduced chi-square test (v2), which are statistic parameters

generally accepted to evaluate the robustness of a model

(Guiné and Barroca 2014).

Nutritional composition

The methodologies of the Association of Official Analyti-

cal Chemicals (AOAC 1997) were used to determine

chemical properties of the fresh and dried Sarcocornia

samples, namely moisture content (method 930.04), crude

fibre (method 930.10), ashes (method 930.05), crude pro-

tein (method 978.04), total lipids (method 930.09) and total

carbohydrate. The total carbohydrate content was deter-

mined from the difference between 100 and the sum of the

percentages of moisture, crude protein, crude fibre, total

lipid, and ash contents.

To accomplish this purpose, the fresh Sarcocornia was

triturated using a homogenizer and the dried samples were

reduced to a powder.

Total lipids were determined according to the Soxhlet

extraction methodology for 16 h using diethyl ether as

solvent. Total proteins were determined by the Kjeldahl

method and calculated using a nitrogen conversion factor

of 6.25 (method 978.04). The DosiFibre method was used

to determine crude fibre in a digester (VELP Scientifica,

Italy). For ashes, the samples were calcinated in a muffle

furnace (Induzir, Portugal) at 550 �C for about 5 h. Three

replicates were used for each procedure.

Except for the moisture content, which was expressed in

fresh weight, all the other results were expressed in terms

of dry matter.

Minerals were determined from ashes (ISO 6869:2000)

using a spectra flame atomic absorption spectrophotometer

(PerkinElmer PinAAcle 900 T, USA) with the exception of

the phosphorus which was analysed by spectrophotometry

(ISO 6491:1998).

Colour

The L* (lightness), a* (green–red) and b* (blue-yellow-

ness) colour values of the fresh and dried samples were

assessed using a handheld tristimulus colorimeter (Chroma

Meter CR-400, Konica Minolta) calibrated with a white

standard tile. To determine the colour parameters 35

measurements were performed for each sample, expressed

in La*b*.

The total colour change (DE) was considered for eval-

uation of the overall colour difference between a dried

sample and the fresh sample (designated with an index 0)

defined as (Guiné and Barroca 2012):

DE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
L�
0 � L�� �2þ a�0 � a�

� �2þ b�0 � b�
� �2

q
ð7Þ

Larger DE denotes greater colour change from the fresh

sample.

Extraction

The extraction of fresh and dried samples was performed

by stirring with methanol (99.5%) for 24 h and with a plant

solvent ratio of 1 g (dry basis):10 mL (Kaiser et al. 2013).

The extracts were filtered through a Whatman (Grade 4)

filter paper and were used to evaluate the total phenolic

content.

Total phenolic content

The content of phenolic compounds were determined fol-

lowing the method described by Gonçalves et al. (2012).

Table 2 Some semitheoretical kinetic models used to fit the exper-

imental data of Sarcocornia perennis drying process (Vega-Gálvez

et al. 2009; Erbay and Icier 2010; Guiné et al. 2011)

Model Equation

Lewis/Newton MR = exp(- kt)

Page MR = exp(- ktn)

Modified page MR = exp[- (kt)n]

Henderson and Pabis MR = A exp(- kt)

Logarithmic MR = A exp(- kt) ? B

Two-terms MR = A exp(- k0t) ? B exp(- k1t)

Wang and Singh MR = 1 ? k0t ? k1t
2

Verma MR = A exp(-k0t) ? (1 - A) exp(- k1t)

Vega-Lemus MR = (a ? k t)2
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Briefly, 0.125 mL of each sample (extract) was added to

0.5 mL of deionised water and 0.125 mL of Folin-Ciocalteu

reagent. After 6 min, 1.25 mL of 7.5% solution of sodium

carbonate and 1.0 mL of deionised water were added.

The mixture was left at room temperature, in the dark, for

60 min, and the absorbance was measured at 760 nm in a

lQuant MQX200 microplate reader (Biotek, USA) using 24-

well microplates. A calibration curve was built from gallic

acid samples within the concentration range 10–50 lg/mL.

The total amount of phenolic compounds was determined

from the calibration curve and expressed in milligrams of

gallic acid equivalents (GAE) per gram of extract:

Absorbance ¼ 0:00614� Concentrationþ 0:051;

R2 ¼ 0:999
ð8Þ

FTIR-ATR spectra

The FTIR-ATR spectra were measured using a Platinum

ATR single reflection diamond accessory. Spectra were

recorded in the mid-IR region, using a Ge on KBr substrate

beamsplitter and a liquid nitrogen cooled wide band Mer-

cury Cadmium Telluride (MCT) detector. Spectra were the

sum of 128 scans, at 2 cm-1 spectral resolution and the

3-term Blackman-Harris apodization function was applied.

Under these conditions, the accuracy in wave numbers was

well below 1 cm-1.

Statistical analysis

To validate the results obtained for the calculated mean val-

ues, a comparison of means was performed by an analysis of

variance (ANOVA), with the Post-Hoc Tukey Honestly Sig-

nificantDifference (HSD) test for identification of differences

between three or more groups. Tukey’s is a statistical test to

identify the differences among groups of data and consists of a

single multi-step process for comparison, carried out in con-

junction with ANOVA. The test identifies where the differ-

ence between two mean values is higher than the standard

error which could be expected. For comparison between two

groups, the T test for independent samples was used. For the

statistical analysis was used the software SPSS version 25

(IBM, Inc.) and the level of significance considered was 5%

(p\ 0.05).

Results and discussion

Moisture content and drying rate

Biological materials (such as agricultural products) with a

high moisture content generally dry with a constant rate

and subsequent falling rate periods, and the drying process

stops when the equilibrium is reached. Knowledge of the

kinetics of the drying process is essential for the design and

selection of optimised drying methodologies. Thus, it is

useful to find experimentally, under certain operating

conditions, the moisture content (X) as a function of time

(t). The moisture content curve was obtained after com-

puting X using Eq. (1). The fresh Sarcocornia had a

moisture content of 91.72 ± 0.07%, which corresponded

to moisture content in a dry basis (Xi) of 11.09 ± 0.04

gwater/gdry solid.

Figure 2 illustrates the dry basis moisture content of

Sarcocornia perennis during the drying experiments at

different temperatures. The drying curves revealed the

characteristic trend at constant air drying conditions. From

the profile of moisture content, three periods of convective

drying are clearly evidenced: (1) the preheating period, in

which the wet sample adapts itself to the air conditions, (2)

the period of constant drying rate and (3) the falling drying

rate. The unsteady state period showed in detail in Fig. 2

(inset) was attained in about 10 min for all temperatures

tested, which corresponds to a very short period relative to

the overall drying time (lower than 4% under all experi-

mental conditions). This timelag could then be neglected.

After the preheating period, the moisture content of the

samples at different temperatures decreased linearly with

time (R2[ 0.95) during the constant rate period. For

higher drying times, the decrease in the moisture content

was slower, indicating a falling drying rate period.

The iterative methodology described above (and

detailed in Castro and Coelho Pinheiro (2016)) was applied

to determine the instant in which the characteristic periods

change. The data of the first period was fitted with a linear

function while the second period was fitted to a third-de-

gree polynomial function. Afterwards, the corresponding

critical moisture content (Xc) was obtained from the drying

rate curve to tc (Table 3).

After drying time, the moisture content of the Sarco-

cornia sample remained constant and equilibrium with the

surrounding atmosphere was achieved.

As expected, there was an acceleration of the drying

process due to the increase of air drying temperature from

40 to 70 �C. The drying process at 70 �C allowed a

reduction of about 82% of the drying time as compared

with the temperature of 40 �C.
Figure 3 presents the drying rate curves of Sarcocornia

perennis calculated directly from the values measured

during the drying experiment at each temperature, and the

predicted drying rate curves obtained from the moisture

content using Eq. (3) to constant drying period and Eq. (4)

to falling drying period. As observed, the drying rate curve

that resulted from the application of the mathematical

approach is very similar to the experimental drying curve.
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Furthermore, the transition from the constant rate period to

the falling drying rate was easily identified.

The heating-up period ended during the first 10 min for

all temperatures and the correspondent moisture content

ranged between 10.9 and 10.7gwater/gdry solid.

After heating-up period, the drying rate remained almost

constant until the critical moisture content was obtained.

The period time of constant rate decreased with tempera-

ture, ending at a critical moisture content of 5.22 gwater/

gdry solid, 5.89 gwater/gdry solid, 7.21 gwater/gdry solid and 7.52

gwater/gdry solid, respectively at 40 �C, 50 �C, 60 �C and

70 �C (Table 3), increasing linearly with temperature

(R2 = 0.95).

As observed, the drying temperature exerted an effect on

the drying rate, since the surface diffusion was the domi-

nant mechanism in the constant rate period (Srikiatden and

Roberts 2007). Towards the end of the constant rate period,

water within the Sarcocornia sample must be transported

from the inside of the sample to the surface until the

moisture content reaches the critical moisture content value

(Xc). The values of constant rate were 1.86, 2.37, 7.59 and

9.66 gwater/(m
2 min), respectively at 40 �C, 50 �C, 60 �C

and 70 �C. The evaporation rate, per unit area of the drying

surface, increased with temperature and thus the water at

the surface of the sample decreased faster at temperature of

70 �C. Thus, the falling rate period, where the water starts

to be transported from the inside of the sample to the

surface, began at a higher value of moisture content for the

higher temperatures.

After the critical moisture content, the evaporation

started to decrease with the moisture content in the sample

during the drying process and the evaporation rate became

zero reaching the equilibrium moisture content (Xe) of 0.18

and 0.01 gwater/gdry solid, respectively, at 40 �C and 70 �C.
At this level of moisture, Sarcocornia reached a safe

moisture level in order to extend its storage life.

Mathematical modelling

The lack of physical transport parameters needed to apply

the theoretical models at convective drying processes ren-

dered the semitheoretical models as a popular approach

during recent decades to describe the convective drying

process information. Although drying-rate curves have to

be measured experimentally, they are practical and give

sufficiently good results in mathematical modelling of food

drying.

In order to model the drying process of food products or

plants, it is often sufficient to use semitheoretical models

which can adequately describe the kinetics of the drying

process when the external resistance to heat and mass

transfer is eliminated or minimized.

According to Roberts et al. (2008) a convective hot air

equal to or greater than 1 m/s and air temperatures between

50 and 70 �C render the external resistance negligible.
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Fig. 2 Moisture content for the

convective drying of

Sarcocornia perennis at

temperatures of 40 �C, 50 �C,
60 �C and 70 �C and an air

velocity of 1.1 m/s. Inset—

detail of the moisture content

profile during the unsteady state

period, in which the sample

adjusts its temperature to the

airstream conditions

Table 3 Values of the moisture content of Sarcocornia perennis, (X),

and critical and drying times (tc and td) for the drying process at

different temperatures

40 �C 50 �C 60 �C 70 �C

Moisture content (gwater/gdry solid)

Xi 11.09 11.09 11.09 11.09

Xc 5.22 5.89 7.21 7.52

Xe 0.18 0.10 0.08 0.01

Time (min)

tc 506 171 67 53

td 1495 629 432 270
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Thus, the air velocity used in this study was 1.1 m/s for

insuring negligible external resistance to mass transfer.

Several models are presently available in the literature

to describe the drying process. In order to provide the

optimum model parameter estimation, a nonlinear regres-

sion was used to correlate the experimental sets of (MR,

t) obtained at different temperatures. To help choose the

most adequate model, from the nine tested, the statistical

coefficients were calculated. A better fit was obtained for

higher values of R2, whereas values of v2 and RMSE

approaching zero, indicating that the prediction was closer

to the experimental data.

Figure 4 shows the MR data plotted versus t as well as

the results of the regression performed with the best level

of correlation (Modified Page model), while Table 4

comprises the model parameters (k and n) and the

corresponding statistical coefficients. Additional details

about statistical parameters of the tested models are pro-

vided as Supplementary Material.

In general, the Modified Page model presented a good fit

for temperatures of 50 �C, 60 �C and 70 �C, along the

entire drying periods and with correlation coefficients

ranging from 0.9973 to 0.9984. However, when the drying

rate was lower, as is the case at 40 �C, the model tended to

give higher predictions of the dimensionless moisture ratio

for the constant rate period and final drying stage and the fit

presented a lower correlation coefficient (0.9962). Thus,

the modified Page model appears to be the most suitable for

the description of the whole drying process, although for

the lower drying air temperature of 40 �C the model pre-

sented some difficulty to describe the considerably longer

constant rate period.
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Fig. 3 Drying rate curve for the

drying experiments of

Sarcocornia perennis at 40 �C
and 50 �C (a) and 60 �C and

70 �C (b). The symbol

represents the predicted rate

curve obtained from the

mathematical approach

proposed by Castro and Coelho

Pinheiro (2016)
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However, the Modified Page model showed a global

good agreement between predicted and experimental val-

ues obtained for the different experiments, indicating that

model could be used to calculate the drying of Sarcocornia

between 40 and 70 �C.
The ability of the Modified Page model to explain the

drying pattern of Sarcocornia was consistent with other

results reported in the literature, showing that the model

is also the most suitable one to describe the drying

curves of a wide variety of food products like fruits,

vegetables, herbs and spices, aromatic plants and meat

(Vega et al. 2007; Doymaz 2013; El-Sebaii and Shalaby

2013; Delgado et al. 2014; Khanlari et al. 2014; Calı́n-

Sánchez et al. 2015; Sansaniwal and Kumar 2015; Li

et al. 2016).

Furthermore, the drying constant (k) obtained from this

model increased linearly with temperature for the entire

range of temperatures tested:

k ¼ 0:000280� T Cð Þ � 0:00965; R2 ¼ 0:995

The constant rates of the Modified Page model showed a

similar behavior during the drying process of Amasya

apple in a laboratory-scale tunnel dryer, between 45 and

85 �C (Yucel et al. 2010). As a result of the important

effect of temperature on the drying process, this parameter

increased six times when the temperature was raised from

40 to 70 �C. In fact, drying at higher temperatures results in

higher moisture diffusivity values and a larger driving

force for heat and mass transfer than at lower temperatures

(Khanlari et al. 2014; Michailidis and Krokida 2015;

Ahmed 2018; Dhali and Datta 2018).

Nutritional composition and mineral profile of fresh

Sarcocornia

The moisture content represented the largest single com-

ponent of Sarcocornia perennis (91.72 g/100 gedible portion),

followed by ash, total carbohydrate, protein, crude fiber

and lipids. In general, the nutritional value of the Sarco-

cornia perennis was similar to that of the population of

Sarcocornia ambigua (Bertin et al. 2014). However, the

higher values of ash in Sarcocornia perennis (3.83 g/100

gedible portion), compared with Sarcocornia ambigua

(2.96 g/100 gedible portion), may be related with their content

in minerals. The major minerals found to Sarcocornia

perennis were Na (13.7 mg/g fresh matter), K (1.0 mg/g

fresh matter), Ca (0.89 mg/g fresh matter), Mg (0.3 mg/g

fresh matter) and P (0.2 mg/g fresh matter) followed by Fe

(20.8 lg/g fresh matter), Mn (4.1 lg/g fresh matter), Zn

(2.5 lg/g fresh matter) in minor levels. From a nutritional

point of view, this halophyte plant may be considered as a

good source of minerals, such as sodium, phosphorous,

calcium and magnesium. The intake of 100 g of fresh

Sarcocornia perennis corresponds, respectively, to 57%,

20%, 89% and 75% of the daily values recommended per

day of sodium, phosphorous, calcium and magnesium

Table 4 Modified Page model parameters and values of statistical coefficients for the drying process of Sarcocornia perennis at 40, 50, 60 and

70 �C and air velocity of 1.1 m/s

Parameters 40 �C 50 �C 60 �C 70 �C

k (± sd) 0.0017(± 4.1950 9 10–6) 0.0043(± 1.2083 9 10–5) 0.0068(± 2.0958 9 10–5) 0.0102(± 5.0151 9 10–5)

n (± sd) 1.4403(± 0.0077) 1.3973(± 0.0084) 1.3589(± 0.0086) 1.4069(± 0.0146)

R2 0.9962 0.9980 0.9984 0.9973

MAE 0.0163136 0.0112135 0.0026663 0.0132803

RMSE 0.0186618 0.0131340 0.0113249 0.0147214

SSE 0.0003483 0.0001725 0.0001283 0.0002235

SE 0.0008837 0.0010073 0.0010010 0.0016512

v2 0.0003498 0.0001745 0.0001303 0.0002205

sd standard deviation

time (min)
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Fig. 4 Experimental moisture ratio for the drying experiments of

Sarcocornia perennis at 40, 50, 60 and 70 �C, and predicted drying

curves according to the Modified Page model
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(FDA 2016; EFSA 2017). The variations in the chemical

composition of Sarcocornia species in different countries

can be due to their different soil and water conditions,

particularly the salinity.

Effect of the drying process on the nutritional

profile, total phenolic content and colour of dried

Sarcocornia

The moisture content of dehydrated Sarcocornia powder

ranged from 10.67 g/100 gfresh matter and 4.49 g/100

gfresh matter, respectively at 40 �C and 70 �C.
Table 5 shows the average values of the main chemical

components for dehydrated Sarcocornia powder after the

drying experiments (on dry basis).

In general, the nutritional profile of dehydrated Sarco-

cornia perennis, at different temperatures, was undiffer-

entiated, meaning that the nutritional composition of the

dehydrated plant was not very much affected by the drying

process for the range of temperatures studied. Therefore,

drying may be a good process of preservation without loss

of the plant�s nutritive value, in the temperature interval

tested. Tanongkankit et al. (2012) also concluded that oven

drying at 60 �C, 70 �C and 80 �C did not result in any

significant effect on the chemical composition of functional

dietary fiber powder produced by cabbage outer leaves.

Phenolic compounds from plants constitute one of the

major groups of compounds acting as primary antioxidants

and, therefore, measurement of the total phenolic content in

fresh and dried halophyte extracts can be used to assess

their antioxidant properties. The amount of phenolic

compounds in Sarcocornia was measured, yielding the

values: 29.05 ± 0.51, 29.35 ± 0.27 and 27.40 ± 0.32 mg

GAE/g extract, respectively for fresh and dried samples (at

40 �C and 70 �C). Kumari and Khatkar (2018) argued that

the slight reduction in phenolic compounds in the plant

dehydrated at 70 �C might be due to the conversion of the

polyphenols into other forms. According to Kyi et al.

(2005), the reactions involved in the decrease of polyphe-

nolic compounds with increasing drying temperature

(40–60 �C) are associated to enzymatic and non-enzymatic

oxidation reactions. However, even at the higher drying

temperature currently used (70 �C), the phenolic content in
fresh and dried Sarcocornia are negligibly different. Thus,

the use of these halophytes in the dry state instead of fresh

can be a good alternative when developing products such

as natural salt substitutes, enriched with antioxidant

compounds.

As shown in Table 5 the L*, a* and b* colour coordi-

nates for fresh Sarcocornia perennis were 33.83 ± 2.61,

- 12.27 ± 1.48 and 16.09 ± 2.16, respectively.

Comparing the colour parameters of the dried samples

with those obtained for fresh Sarcocornia, it was possible

to conclude that drying induced a rise in L* colour

parameters indicating an increase in the lightness of

dehydrated plant. However, parameter L* was higher at

lower temperature than at higher temperatures, indicating

that the samples dried at 40 �C presented a lighter colour

than the ones dried at higher temperatures.

A negative a* value, which represents green colour,

increased after drying and, consequently dried plant pre-

sented a lesser intensity of the green colour than the fresh

ones. However, the greenness parameter (a*) was three

times higher at 40 �C than for the samples dried at 70 �C,
suggesting that the latter preserved the green intensity

better. The increase of a* parameter values after convective

drying was also reported for many green vegetables and

plants such as pepper (Guiné and Barroca 2012) and Allium

roseum leaves (Said et al. 2013).

The mechanisms involved in chlorophyll degradation

include the loss of the phytol group through the action of

the enzyme chlorophyllase. Therefore, the higher temper-

atures could promote the inactivation of chlorophyllase

with the minimal conversion of chlorophyll to pheophytin

(Heaton and Marangoni 1996). Furthermore, during heat

treatments, some mechanisms related with chlorophyll and

other pigments decomposition and conversion of some

non-coloured and less coloured precursors of green colour

into more visible green colour can occur simultaneously,

depending on temperature and time (van Boekel 1999,

2000; Tijskens et al. 2001; Lu et al. 2010).

The total colour difference (DE), which is a combination

of the L*, a* and b* values, is a colour parameter exten-

sively used to characterize the total variation of colour in

food during processing. As observed in Table 5, the colour

difference parameter decreased linearly with temperature

(R2 = 0.92). Colour pigments are sensitive to enzymatic

and non-enzymatic browning and other degradation reac-

tions during drying. Although the increase of temperature

leads to an increase of reaction rates, temperatures from 50

to 80 �C can lead to their inactivation, reducing consider-

ably the enzymatic reactions with temperature and conse-

quently the colour degradation (Martynenko and Bück

2019). Moreover, during the drying experiments the sam-

ples were in contact with oxygen that promotes the non-

enzymatic browning and pigment oxidation. Hence, for the

higher heating temperature of 70 �C the samples were in

contact with the airstream during much less time (4.5 h)

than at 40 �C (24.9 h) which originated a lesser total

degradation of pigments. Thus, the drying process of Sar-

cocornia at a higher temperature but with much less drying

time originated less intense colour changes in dried plant.

These findings are in agreement with Yuan et al. (2015)

who suggested that oven drying chrysanthemum flower at

70 �C was the most appropriate post-harvest processing

method to obtain final products with higher levels of
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bioactive ingredients in a small amount of time, in the

range of temperatures from 40 to 120 �C.

FTIR-ATR analysis of dried Sarcocornia

Fourier-transform infrared spectroscopy (FTIR-ATR) is a

powerful spectroscopic technique that can be used for both

quantitative and qualitative analysis, as the output is a

detailed information about the chemical composition of the

samples. FTIR is an appealing technique within the food

industry because it is simple, rapid, non-destructive and

very accurate, allowing to discriminate even very similar

compounds from a small amount of sample (Liang et al.

2013). Thus, the FTIR-ATR spectra of fresh and dried

Sarcocornia at 40 �C and 70 �C was also obtained to

provide information on the fundamental vibrational modes

of the sample components that translate into a set of bands,

which are correlated with specific functional groups (and

therefore function), as a unique fingerprint of each

molecule.

Figure 5 contains FTIR-ATR spectra of fresh and dried

(at 40 �C) Sarcocornia perennis, in the 750–4000 cm-1

spectral region. As expected, the bands were generally

broad, causing a strong overlap. The most prominent

spectral profile, which spreads across the 2700–3700 cm-1

region, was correlated with the O–H elongation (mOH)
(Carey 1982; Heredia-Guerrero et al. 2014). Its high

intensity denotes the presence of a high amount of water.

However, other biochemical constituents also contributed

to this spectral interval, namely carbohydrates, phenolic

compounds and non-esterified fatty acids (Stuart1997).

The two well-defined signals centered at 2849 and

2916 cm-1 measured for fresh Sarcorcornia (Fig. 5a) were

associated with the symmetric and antisymmetric CH2

group stretching modes (msCH2 and masCH2), mainly from

fatty acids (Heredia-Guerrero et al. 2014; Poiana et al.

2015). The presence of CH3-groups was denoted by the

low-intensity shoulders detected on both wings of the band

centered at 2916 cm-1 (at ca. 2895 and 2954 cm-1,

ascribed to the symmetric (msCH3)) and antisymmetric

(masCH3) stretching modes, respectively) (Heredia-Guer-

rero et al. 2014; Poiana et al. 2015).

Upon drying at 40 �C, the expected significant intensity

decreases of the mOH intensity emphasizes a weak shoulder

at ca. 3014 cm-1 (Fig. 5b), that was ascribed to the C–H

stretching modes in the –CH=CH– moieties of unsaturated

fatty acids. This result suggested the presence of a signif-

icant amount of unsaturated fatty acids in the plant, in line

with reported results on other Sarcocornia species (Costa

et al. 2014).

In addition, the presence of carbonyl-containing com-

pounds in the samples was reflected in the relatively broad

band with an absorbance maximum at 1734 cm-1. This

spectral feature was assigned to the C=O stretching mode

(mC=O) of the cutin constituents of the plant, such as esters

and carboxylic acids (Heredia-Guerrero et al. 2014). The

involvement of these constituents in hydrogen bonding

interactions (either strong or weak) leads to different

chemical environments, justifying the broad profile of the

band.

Immediately following, on the lower frequency side,

appeared another relatively broad spectral feature with a

maximum of absorption at 1637 cm-1. Part of the con-

siderable intensity absorption of this band was due to the

contribution of the deformation mode H–O–H of the water

(dH2O) that broadens the overall profile to the band at

1734 cm-1 and obscures other less intense bands (Fan et al.

2012). Removing water from the sample leads to a

reduction of the band associated to the dH2O, allowing the

appearance of other low-intensity bands that were hidden

(e.g. 1493 and 1517 cm-1). At the same time, the band

absorption maximum was shifted downward to 1617 cm-1,

turning the band profile around 1734 cm-1 better defined

(Fig. 5b).

The main spectral profile (with maximum at 1617 cm-1)

after drying comprised the bands due to the conjugation

between the stretching modes associated to the aromatic CC

bonds (mCCring) and non-aromatic C=C stretching modes

(mC=C) (Heredia-Guerrero et al. 2014). These bands may be

used for the composition analysis of the extracts regarding

the content of aromatic compounds, namely phenolic acids

and other type of components, and unsaturated non-aromatic

components, such as unsaturated fatty acids. Several other

spectral features were observable at lower frequencies.

However, their relation to a specific group of components

was not so straightforward as they were mainly ascribed to

modes related to molecular groups common to most of the

organic compounds, namely skeletal C–C and C–O stretch-

ing modes (mCC and mCO, respectively) and C–O–C, C–C–
H, C–C–O and C–O–H deformation modes (dCOC, dCCH,
dCCO and dCOH, respectively) (Fan et al. 2012). These

observations show that FTIR-ATR spectroscopy can yield

valuable information regarding potential changes on the

moisture and biochemical composition of Sarcocornia

samples due to drying.

Figure 5 also compared the FTIR-ATR spectra recorded

for Sarcocornia samples submitted to drying procedures

(temperature-dried at 40 �C and 70 �C) with the spectrum

obtained for fresh samples in two particularly sensitive

spectral regions, namely 1500–1800 cm-1 (Fig. 5c) and

2700–3700 cm-1 (Fig. 5d). As stated above these spectral

regions included the bands associated with some vibrational

modes of water and were therefore sensitive to drying.

The analysis of the whole spectral regions showed that

both the mOH and dH–O–H related bands have an equally

significant intensity decrease regardless of the drying
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procedure adopted. These results are in line with the

composition characterization obtained previously, sug-

gesting that most of the moisture was removed even at

40 �C. Also supporting the biochemical results, the anal-

ysis of the two spectral regions suggested that the com-

position in lipids and aromatic compounds, notably

phenolic, was not significantly altered even when drying

was carried out at temperatures up to 70 �C.

Conclusion

The drying process of Sarcocornia perennis revealed three

periods of convective drying process (pre-heating, constant

rate and falling rate) with time intervals from 4.5 and

24.9 h, respectively for higher and lower temperatures. The

heating-up period can be neglected as compared with the

drying process, and the duration of constant rate period, as

a percentage of the total drying time, ranged between 34

and 20% respectively at 40 �C and 70 �C.
Moreover, the critical moisture content correlated lin-

early with temperature (R2 = 0.95). From the mathematical

models tested, the Modified Page model was found to be

the most suitable to describe the drying process of Sarco-

cornia in the temperature interval tested.

From a nutritional point of view, this halophyte plant

may be considered as a good source of fibres, phenolic

compounds and natural minerals such as sodium, phos-

phorous, calcium and magnesium. These findings coupled

to FTIR-ATR analysis allowed to confirm that a convective
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process between 40 and 70 �C preserved the nutritional

value and the phenolic content of the plant.

Taking into account the drying efficiency and the

characteristics (nutritional, total phenolic content and col-

our) of dried Sarcocornia perennis, convective drying at

70 �C revealed to be the most appropriate methodology for

preserving the health-beneficial properties of the plant.
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Doymaz İ (2013) Experimental study on drying of pear slices in a

convective dryer. Int J Food Sci Technol 48:1909–1915. https://

doi.org/10.1111/ijfs.12170

Duarte B, Silva H, Dias JM, Sleimi N, Marques JC, Caçador I (2018)
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