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Abstract. The food industry is moving towards continuous production. Heaters that generate heat 
within the liquid and for which capacity is determined by volume rather than exchange area are ideal 
for food processing. Ohmic or direct electrical heating is such a volumetric heating process. This 
work attempts to model a collinear Ohmic heater (vertical and tubular ohmic heater) by solving 
simultaneously the equations of Laplace, Fourier and Navier-Stokes and considering a wall cooling 
as a boundary condition. Simulations are carried out with commercial code COMSOL Multiphysics.  
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Introduction 
Heating is an important part of food processing. Food heat treatments can be divided into two 
classes: (i) sterilisation and (ii) cooking (combined with sterilisation). The main requirement of 
food heaters is that the temperature and residence time distributions must be flat as to prevent 
over-cooking, or worse, incomplete sterilisation. 

Low viscosity liquids like milk are usually sterilised by a HTST process (High Temperature Short 
Time), keeping changes in taste to a minimum. Fluids which must be cooked are usually more 
viscous with non-Newtonian rheological behaviour and can contain a high fraction of large 
particles. These liquids are usually processed in a scraped heat exchanger, or by canning. 
When the food particles have large dimensions or poor heat transfer properties processing 
times will be too long, decreasing product quality. 

For the complex food fluids the heat treatment is improved considerably when novel systems 
like microwave heating and Ohmic (direct electrical) heating are used. Generating heat within 
the food, these volumetric heating methods depend less on thermal conduction and convection 
and hence cause less temperature gradients. 

Ohmic heating consists in electric alternating current flowing through a moving column of 
electrically conducting product. Ohmic heating is a volumetric heating. The energy is 
transformed into heating energy inside the product by Joule effect thanks to its electrical 
characteristics. Ohmic heating can be applied, uniformly and in short times, to homogeneous 
and heterogeneous products, comparable to HTST treatments: reduced thermal damage of the 
product, low residence time dispersion, improved preservation of sensory characteristics of the 
incoming fresh material. 

Understanding the behaviour of the fluids during Ohmic treatment is important to improve the 
process. This paper presents a numerical study of a vertical, tubular Ohmic heater with wall 
cooling (collinear heater) using the commercial code COMSOL Multiphysics. 

Material and Methods  
As designed by Pain & al (2005) and show in figure 1, the collinear Ohmic heater consists of 
two basic elements: the annular ring electrodes placed between the spacing tube. Usually 
several electrodes and tubes are placed in series. The spacing tube is usually made from glass 
(on pilot plant), fibreglass or plastic lined steel to ensure the electrical current flows only through 
the liquid product. Most of the heating takes place in this tube. Throughout this work the tube is 
assumed to be a perfect electrical insulator and a single spacing tube is modelled. 

 
Figure 1: Schematic view of a collinear Ohmic heater 
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Governing Equations 
The annular ring electrode is usually placed at the column wall, the electric field between two 
electrodes is described by the Laplace Equation 
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equation is dependent on the temperature distribution in the spacing tube. Using Ohm's law and 
considering the non homogeneous case, the power generated in the element is given by: 
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To study the temperature distribution, the Fourier equation is needed, has 3 terms: (i) thermal 
conduction in the radial direction, (ii) the volumetric heating term and (iii) a convection term:  
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Conduction in axial direction is neglected compared to axial convection. 

For fluid flow, the general governing equation is the Navier-
(2002): 
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With n depending on whether the fluid is Newtonian or not. 

Boundary Conditions 
Boundary conditions are defined for each equation as shown in figure 2. For electric field, we 
suppose an axial symmetry, walls are perfect insulators and top and bottom potential are fixed. 
For Fourier equation, inlet temperature is constant, and walls are non adiabatic. In previous 
works the tube wall was taken to be a thermal insulator; i.e, the wall was assumed to be 
adiabatic. However wall temperatures were shown to increase up to 3 times the average 
temperature rise (Muller et al. 1993). Since high wall temperatures lead to fouling, wall cooling is 
inevitable for volumetric heaters. To cool, a turbulent co-current flow along the outside of the 
tube wall is imposed. The temperature of the cooling liquid (Tcl) varies only with height. The heat 
flux into the wall is balanced by the heat transfer to the cooling mantle: 
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For Navier- Stokes equation, boundary conditions are defined to have a fully developed laminar 
flow with null speed at wall and a velocity is defined by Bird & all (2002) 
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Figure 2 Model for a collinear ohmic heater and flowing liquid  Thermal and electrical boundary 

conditions. 

Simulation 
Numerical simulation in such case is interesting due to complex phenomena occurring during 
treatment. For computing, a commercial numerical code is used, COMSOL® multiphysics. This 
software is based on finite elements techniques. 
simulation considerations, the electric field inside tube is converted to volumetric power so the 
problem will be simplified to two governing equations. Parameters for resolution are listed in the 
Table 1 below.  

Table 1.Parameters used in calculations.  
Parameters Units Values 
R 
L 
Uc 
hcl 
Tin 
Tcl 
Tout 
Cp 
 
 
 

E 
0, b0 

10-2m 
10-2m 
10-2m/s 
W/m!K 
°C 
°C 
°C 
J/kgK 
1/K 
W/mK 
Kg/m3 
V/m 
S, S/K 

2.5 
75 
5 
1000 
20 
35 
45 
4120 
5.6 10-4 
0.6 
1000 
2000 
0.5, 0.05 

 
 is linearly related to temperature: 

)293()( 0 TbT  

Considering axial symmetry, numerical calculations were limited to half cylinder. Direct Solver is 
used for computation. Tetrahedral mesh was used with 33328 mesh elements and 193734 
degrees of freedom to solve as shown in figure 3 
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Figure 3: upper part of meshed geometry 

Results 
Simulation focused on fluid behavior toward wall cooling. Speed and temperature profiles are 
analyzed. Computation time varies from 80s to 300s depending on the boundary conditions. 
Due to speed variation across cylinder section, temperature varies along the same section. It 
rises near the wall and due to cooling, it decreases again (figure 4). For different Nusselt 
numbers, the difference in cooling can be observed. This is due to the efficiency of heating. In 
absence of cooling, all the energy produced by the electric field is absorbed by the fluid and 
when cooling occurs, the efficiency drops due to thermal losses.  For velocity profile, according 
to Navier Stokes equation, it depends on volume forces which depend on temperature. Thus 
we can observe a flattening of velocity along the tube (figure 5). These results are in agreement 
with Muller & al (1994) and Ould El Moctar & al (1996). 
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Figure 4: Effect of wall cooling on the temperature distribution 

 
Figure 5.Velocity variation along the tube due to volume forces (figure rotatated by 90°)) 

Conclusions 
Computations for collinear Ohmic heating were carried out for different cooling cases. Effects on 
velocity and temperature distribution were shown by a drop of temperature near walls despite 
the important heating rate and by a change of velocity profile due to volume forces. These 
computations were carried out for water and it will be more interesting to test new geometry 



 

6 

(counterflow applicator and or horizontal tubes) with non Newtonian Fluids and study its effect 
on fouling.  

Nomenclature  

A area    m! 
b  empirical constant  S.K-1 

cp heat capacity   J.kg-

1.K-1 

E  electric field strength   V.m-1 
g  gravitational acceleration  m.s-2 
hcl heat transfer coefficient W.m-2.K-1 
L  tube length    m 

m  mass flow   kg.m3 

n,n20 flow behaviour index  - 

p  pressure    Pa 

r  radial coordinate   m 

R  tube radius    m 

T temperature at (r,z)  K 

Tin  inlet  temperature   K 

Tout  outlet  temperature   K 

Tw  wall temperature   K 

<T> mean temperature (at z)  K 

U  electrical potential   V 

U0  voltage over the electrodes V 

u  axial velocity    m.s-1 

us  mean velocity   m.s-1 
_
u  velocity vector  

v  radial velocity    m.s-1 

z  axial coordinate   m 

 expansion coefficient   K-1 

 thermal conductivity   W.m-

1.K-1 

 viscosity    Pa.s 

 density    kg.m3 

, 0  electrical conductivity   S.m-1 

A surface   m2 

P heat generation   W 
V volume A z   m3  
z length     m 

 resistance     

Nu Nusselt  
RhNu c l  

c centre 

cl cooling. 
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Abstract. Edible coatings can be used to improve shelf-life and food quality by providing effective 
and selective barriers to moisture transfer, oxygen uptake, better visual aspect, and reduction of 
microbiological contamination. Wettability defines the ability of a coating to adhere to a food’s surface 
and is determined through the values of the spreading coefficient. Other factors, such as gas barrier 
properties (permeabilities), opacity and mechanical properties must also be considered in order to 
ensure the adequate behavior of the coatings aiming at the improvement of food shelf-life and 
quality. The effectiveness of edible coatings depends, in a first stage, on the control of the wettability 
of the coating in order to ensure a uniformly coated surface, and in a second stage on other factors 
(water vapour permeability; oxygen and carbon dioxide permeability; opacity; mechanical properties) 
that can also affect the effectiveness of the coating and that strongly depend on the food surface that 
will be coated. A methodology for evaluating edible coating formulations has been developed by our 
group which is applicable to coatings for fruits, vegetables, cheese and fish (Cerqueira et al., 2009, 
2010; Lima et al., 2010; Martins et al., 2010; Souza et al., 2010). In all cases different formulations of 
edible coatings (polysaccharides, proteins, plasticizers, surfactants and lipids) were evaluated 
through the measurement of the wettability on food surface. Then the coating compositions with the 
best values of wettability were selected and the barrier, colour and mechanical properties were 
evaluated in order to select a unique coating composition. The results have shown that the final 
composition allows in all cases a good coating performance with a good coating adhesion, confirmed 
by shelf-life evaluating of food. 

This methodology allows testing a great number of formulations and its application has generated an 
important amount of data on the use of edible coatings on several foods, particularly in order to 
extend their shelf-life and quality. 

Keywords. Edible coatings, edible films, wettability, shelf-life, food quality, food safety.  
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Introduction 

Natural polymers can be an alternative source for packaging development due to their edibility 
and biodegradability (Siracusa, Rocculi, Romani & Rosa, 2008). Edible coatings and films 
appear as alternative for synthetic plastic for food applications. Their use based on natural 
polymers and food grade additives has been constantly increasing in the food industry. The 
coatings/films can be produced with a great variety of products such as polysaccharides, 
proteins and lipids, with the addition of plasticizers and surfactants. The two terms, 
coatings/films, are used in food packaging, sometimes without any distinction. However, the 
“film” is a thin layer (e.g. formed by casting of the biopolymer solution) prepared separately from 
the food that is later applied to it, while the coating can be formed by direct application of a 
suspension or an emulsion on the surface of the food, leading to the subsequent formation of a 
film (Krochta, 2002). The functionality and performance of edible films mainly depend on their 
barrier, mechanical and colour properties, which in turn depend on film composition and its 
formation process. In the case of the edible coatings, the method of application on the product, 
and the capacity of the coating to adhere to the surface are the most important parameters. 
Food products are usually coated by dipping or spraying, forming a thin film on the food surface 
that acts as a semi-permeable membrane, which can control the moisture loss or/and suppress 
the gas transfer (Lin & Zhao, 2007). 

Edible coatings application on food products is evaluated through quality parameters of the 
coated products that are measured as indicators (e.g. water loss, respiration rate and colour). 
This evaluation provides information on the functionality of the coatings in the food product (Lin 
& Zhao, 2007). Due to the difficulties in evaluating the barrier and mechanical properties of the 
coatings once formed on the food product, such evaluation is often made on the corresponding 
film. To do that, films are cast and their properties are measured in order to mimic as closely as 
possible their properties when applied on the food product. In the last years a great number of 
works appear with the application of edible coatings on food products. Only in a few cases the 
choice for a given edible coating formulation has been justified.  

 

Materials used in edible coatings 

A great diversity of materials is used to produce edible coatings and films, but most of them can 
be included in one of three categories: polysaccharides, proteins and lipids. The great diversity 
of structural features of polysaccharides have origin from differences in the monosaccharide 
composition, linkage types and patterns, chain shapes, and degree of polymerization, 
influencing their physical properties. Polysaccharides, which are commercially available for use 
in food and nonfood industries as stabilizers, thickening and gelling agents, crystalization 
inhibitors, and encapsulating agents, etc (Stephen & Churms, 2006). The main polysaccharides 
used in edible coatings/films are chitosan, starch, alginate, carragennan, modified cellulose, 
pectin, pullulan, chitosan, gellan gum, xanthan gum, etc (Han & Gennadios, 2005). Proteins 
cover a broad range of polymeric compounds that provide structure and biological activity. They 
are heteropolymers comprised of more than 20 different amino acids, and have specific 
sequences and structures (Nelson & Cox, 2000).  

Protein film-forming materials derived from animal sources include collagen, gelatin, fish 
myofibrillar protein, keratin, egg white protein, casein, and whey protein (Han et al., 2005). Due 
their apolar nature and hydrophobic behaviour, lipids are of great importance since they can be 
used as a barrier against moisture migration, thus covering the drawback of polysaccharides 
and proteins in terms of their great water sensitivity. Some of the films based on lipids present 
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water permeability values close to synthetic plastic films, but they are in most cases very brittle 
when used alone, and they should be blended e.g. with polysaccharides or proteins in order to 
improve their mechanical properties (Morillon, Debeaufort, Blond, Martine & Voilley, 2002). 

Coatings based on polysaccharides and proteins require in the most cases the presence of a 
plasticizer and/or a surfactant. Films without plasticizer present a brittle and stiff structure due to 
the extensive interactions between polymer molecules. Most plasticizers are very hydrophilic 
and hygroscopic and they can attract water molecules; furthermore, plasticizers disrupt 
molecular hydrogen bonds, increasing the distance between polymer molecules, and reduce the 
proportion of crystalline to amorphous regions (Rivero, García & Pinnoti, 2010). Surfactants are 
amphoteric substances due to their simultaneous hydrophilic and hydrophobic properties. They 
are conventionally added to enhance the stability of the emulsion in the formulae of emulsified 
films. They can be incorporated into coatings formulations to reduce the surface tension of the 
solution, improving its wettability (Choi, Park, Ahn, Lee & Lee, 2002; Ribeiro, Vicente, Teixeira & 
Miranda, 2007). 

 

Edible coatings properties 

When referring to a coating’s performance, wettability can be used as a measurement of its 
effectiveness to coat a food surface. Undestandably, the success of edible coatings depends 
very strongly on the control of the wettability of the coating solutions. They must wet and spread 
on the surface of the food product, and upon drying they must form a film that has the adequate 
properties and durability. The coating process involves not only wetting of the food product by 
the coating solution, but also some degree of penetration of the solution into the product (Lin et 
al., 2007). The theoretical background of the wettability measurement was discussed e.g. by 
Choi et al. (2002) and Ribeiro et al. (2007) (Choi et al., 2002; Ribeiro et al., 2007). Briefly, the 
wettability of a solid by a liquid is determined by the balance between adhesive forces of the 
liquid on the solid and cohesive forces of the liquid, where adhesive forces cause the liquid to 
spread over the solid surface while cohesive forces cause it to shrink. This balance is expressed 
in the form of a spreading coefficient (Ws). In practical terms, the closer the Ws values are to 
zero, the better a surface will be coated.  

Also the surface energy or surface tension of the food product is a controlling factor in the 

process that involves wetting and coating of surfaces (Karbowiak, Debeaufort & Voilley, 2006). 

The determination of the surface tension usually involves the measurement of the contact 
angles that several standard liquids make with that surface. The surface energy of the solid 
surface is then related to the surface tensions of the liquids and the corresponding contact 
angles. This method invokes an estimation of the critical surface tension of the surface of the 

solids studied, by extrapolation from the Zisman plot (Zisman, 1964). The characterization of 

food surface properties (such as the surface tension and critical surface tension) is recognized 

as the key to understand mechanisms of wetting and spreading (Karbowiak et al., 2006). Food 

surfaces are very heterogeneous; the same fruit can have different surfaces characteristics. The 
food surface tension of several fruits, fish and cheeses has been characterized in the last years, 
and it has been shown that depending of the kind of food there will be different values of that 
parameter. Table 1 summarizes some of the values of critical surface tension and surface 
tension (including its polar and dispersive components) from different food products analyzed by 
our group. 
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Table 1. Values of critical tension, surface tension (including its dispersive and polar 
components) of food products. 

Food 

Critical 
tension  

(mN/m) 

Surface 
tension 

(mN/m) 

Dispersive 
component 

(mN/m) 

Polar 
component 

(mN/m) 

Reference 

Strawberry 18.8 28.94 22.99 5.95 (Ribeiro et al., 2007) 

Mango 19.5 26.48 24.77 1.71 (Lima et al., 2010) 

Apple 25.4 27.81 27.13 0.68 (Lima et al., 2010) 

Fish (Salmon salar) 30.13 60.64 18.18 42.46 (Souza et al., 2010) 

Semi-hard Cheese 18.33 37.79 29.93 7.87 (Cerqueira et al., 2009a) 

 

Applications 

In order to select edible coatings to be applied on food products our group has chosen a two-
step criterion: in a first stage, to evaluate wettability values of the coating formulations (the 
coatings with the best values are selected); in a second stage, to determine the values of other 
relevant properties (e.g. high or low water vapour, oxygen or carbon dioxide permeabilities, 
good mechanical resistance, etc.) depending on the kind of food and on the desired effects. 
This allows refining the selection made in stage one and ending eventually with the best 
formulation for a given application. In 2007, Ribeiro et al. tested the ability of polysaccharide 
coatings of starch, carrageenan and chitosan to extend the shelf-life of strawberry fruit (Fragaria 
ananassa). The coatings and strawberries were characterized in terms of their physical 
properties (wettability and then oxygen permeability) in order to optimize coating composition. In 
both cases, to enhance the wettability of the coating solutions, Tween 80 was added, reducing 
the superficial tension of the liquid and thus increasing the spreading coefficient (Ws). The 
effects of application of these coatings to fresh strawberries were assessed by determining 
colour change, firmness, weight loss, soluble solids and microbiological growth. The results 
show that the edible coating leads to the improvement of strawberries firmness loss, to the 
decrease of mass loss and rate of microbial growth. 

In 2009b, Cerqueira et al., studied the utilization of coatings composed of galactomannans from 
two different sources (Caesalpinia pulcherrima and Adenanthera pavonina) and glycerol for 
application on five tropical fruits: acerola (Malpighia emarginata), cajá (Spondias lutea), mango 
(Mangifera indica), pitanga (Eugenia uniflora) and seriguela (Spondias purpurea). The 
wettability was determined using different aqueous galactomannan solutions (0.5 %, 1.0 % and 
1.5 %) with glycerol (1.0 %, 1.5 % and 2.0 %). For the solutions having the best (closest to zero) 
wettability values, films were cast and water vapour permeability, oxygen permeability, carbon 
dioxide permeability, tensile strength and elongation-at-break were determined. Taking into 
account the surface and permeability properties of the obtained films, four compositions were 
selected as the best coatings to apply on the studied fruits. Also Lima et al. (2010) studied the 
application of coatings based on mixtures of polysaccharide (galactomannan from C. 
pulcherrima and A. pavonina), collagen and glycerol on mangoes and apples. The same 
methodology was used in order to choose one coating formulation for application on the mango 
and apple. Finally, the coatings were applied on fruits in order to determine their influence in gas 
transfer rates. Coated mangoes and apples present less O2 consumption and less CO2 
production than uncoated fruits.  
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In 2009a, Cerqueira et al. studied the application of edible coatings from three different 
polysaccharide sources in a semi-hard cheese. Chitosan, galactomannan from Gleditsia 
triacanthos, and agar from Glacilaria birdiae were tested as coatings, with different 
polysaccharide, plasticizer and corn oil concentrations. The surface properties of the cheese 
and the wetting capacity of the coatings on the cheese were determined. The three best 
solutions for each polysaccharide were chosen, further films were cast, and permeability to 
water vapour, oxygen, and carbon dioxide was determined, along with opacity. The edible 
coating of G. triacanthos was chosen and was applied on cheese. The O2 consumption and CO2 
production rates of the cheese with and without coating were evaluated, showing a decrease of 
the respiration rates when the coating was applied. The uncoated cheese had an extensive 
mould growth at the surface when compared with the coated cheese. In 2010, Fajardo et al. 
studied the effects of the application of chitosan coating (selected in the previous work) 
containing natamycin on the physicochemical and microbial properties of semi-hard cheese. 
Microbiological analyses showed that natamycin coated samples presented a decrease on 
moulds/yeasts compared to control after 27 days of storage. Edible coatings of galactomannans 
from G. triacanthos incorporating nisin were evaluated in the shelf-life extension of Ricotta 
cheese against Listeria monocytogenes (Martins et al., 2010). Nine different formulations were 
evaluated and based on wettability only one formulation was chosen, being their transport, 
mechanical and color properties determined. Three different treatments were tested in cheese 
samples inoculated with L. monocytogenes: samples without coating, samples with coating 
without nisin, and samples with coating containing nisin. Results showed that the cheese coated 
with nisin-added galactomannan film was the treatment presenting the best results in terms of 
microbial growth delay. Recently, Souza et al. (2010), using the same methodology, evaluated 
the effect of chitosan coating on shelf life extension of salmon (Salmo salar) fillets. The selected 
coating formulation, based on wettability, was chosen to be applied on fish fillets. The results 
showed that chitosan-based coatings were effective in extending for an additional 3 days the 
shelf life of the salmon. These results demonstrate that chitosan-based coatings may be an 
alternative for extending the shelf life of salmon fillets during storage at 0 °C. 

 

Conclusions 

The methodology developed by our group has been applied to fruits, vegetables, cheese and 
fish with good results. Improvements in the amount of knowledge on edible films and coatings, 
acquired through research and product development work, as well as advances in material 
science and processing technology have occurred. Results suggested that the selected coating 
formulations can reduce gas transfer rates in fruits and cheese, and can be therefore important 
tools to extend food products shelf life. A good choice of the coating formulation is essential for 
the durability and maintenance of the coating on the food products. The determination of 
wettability is therefore fundamental for the correct application of edible coatings. Further work 
has to be performed to understand how different factors as such temperature and the 
application method can be important in the coating performance. 
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Abstract 

A small scale hot-air dryer was designed, constructed and tested for Tilapia (Tilapia spp.) and Catfish 
(Ariopsis utarus) drying. The criteria considered in design computations and selection of construction 
materials included techno-economic status of the intended users; local availability and cost of 
construction materials; portability and ease of operation; utility and maintainability. Other 
considerations included throughput capacity of the dryer; drying efficiency; product quality and 
storability; and possibility of using the dryer as a storage medium after drying. The dryer consist of 
heat generation unit (made up of five electric heating elements in series connection and an 
alternative charcoal compartment); heat distribution unit (consisting of a five-bladed axial fan, a DC 
motor and a converter); and the drying chamber (comprising a cabinet of five drying shelves). In 
operation, heated air from heat generation unit is conveyed by heat distribution unit to the drying 
chamber. In the dying chamber, heated air absorbs and conveys moisture from the fish by heat and 
mass transfer process while the residual water vapour (exhaust air) is discharged through the 
chimney on top of the drying chamber. The dryer was tested for Tilapia and Catfish drying under 
three different pretreatment conditions: raw, blanched and brined; using charcoal and electric heaters 
as heat sources. Results showed that average moisture of 63.6, 58.0 and 59.6 %  were removed 
from raw, brined and blanched Tilapia samples respectively after 10 h of drying at an average air 
temperature of 60 0C. Corresponding values of moisture removed from Catfish samples were 61,8, 
59.1 and  52.5 %respectively. The quality of dried fish obtained from this dryer compared favourably 
with those produced by local farmers and traders in terms of colour, taste, palatability and storability. 
With a capacity of 50 kg per batch, the dryer has a production cost of $300. A cottage fish processing 
plant based on this technology can provide additional source of income for fish farmers in the rural 
communities at the same time providing packaged dried fish at low costs. 
 
Keywords: Drying equipment, Design, Construction, Fish processing, Rural communities 
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Abstract.  This work aimed to investigate the effect of different osmotic solution on water loss (WL) 
and solid gain (SG) during osmosis, drying kinetics and water availability of osmosed-air dried 
beetroot.  Beetroot sticks were immersed sequentially in 35 and 45 oBrix sucrose solution for 6 hours 
each.  At 45 oBrix level, either 10% honey, 15% honey, 10% pineapple juice or 15% (v/v) pineapple 
juice was used to partially replace sucrose.  The treatment without honey and pineapple juice and 
the treatment with 10% (v/v) invert sugar replacement were set as a control and a reference, 
respectively.  The 15% honey treatment gave the highest WL while the highest SG was obtained with 
10% honey treatment but not significant different from the 15% honey treatment.  The osmosed 
beetroot was then dried at 60 oC until a constant moisture content was obtained.  The 15% honey 
treatment exhibited the fastest drying rate.  Among the six treatments, the beetroot treated with either 
honey or pineapple juice resulted in decreased water activity (aw).  The 15% honey treatment yielded 
the lowest aw (P<0.05).  These replacements also led to a decrease in 1H NMR longitudinal 
relaxation time (T1), indicating decreased water availability.  The aw and 1H NMR T1 values were 
inversely correlated to glucose and fructose content in the osmosed-air dried samples.  

Keywords. Osmotic dehydration, beetroot, water availability, NMR, drying kinetic, honey, pineapple 
juice 
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Introduction 

Due to its effectiveness in reducing the moisture available for the growth of microorganisms, 
osmotic dehydration/air-drying is of increasing interest as an alternative way for fruit and 
vegetable preservation in many countries, including Thailand.  Beetroot is normally consumed 
fresh, steamed, cooked or pickled.  Rich in betanins and dietary fibers, beetroot might be one of 
the potential raw materials for this osmosed-air dried process. 

Osmotic dehydration is the process of immersing pieces of food into a hypertonic solution.  
During soaking the outgoing flux of water occurs simultaneously with a counter influx of solutes 
through tissue membranes.  Solute infusion through this process leads to modifying physico-
chemical properties and enhancing quality attributes of the final product (Raoult-Wack, 1994; 
Korsrilabut, Borompichaichartkul, & Duangmal, 2010).  Type of sugar used as the osmotic agent 
plays an important role as it strongly affects both water loss (WL) and solid gain (SG).  It is 
generally accepted that the rate of WL increases with increasing concentrations of the osmotic 
solution, but the molecular size of solute also affects the rate of both WL and SG.  Compared to 
sucrose, glucose has been reported to enhance the amounts of WL and SG (Lerici, Pinnavaia, 
Dalla, & Bartolucci, 1985).  Partial replacement of invert sugar into an osmotic solution has been 
shown to have an impact on quality of dried product including the ability to reduce the hardening 
in osmosed-air dried papaya (Duangmal, Laorko, & Tattiyakul, 2005). However, high 
concentration of reducing sugar also leads to stickiness in the osmosed-air dried products 
during storage. 

The difference in type and amount of solute uptake during osmosis leads to differences in 
subsequent drying rates.  Although many researchers have studied the kinetics during either 
osmotic dehydration (Fito, 1994; Mandala, Anagnostaras, & Oikonomou, 2005) or air drying 
(Kashaninejad & Tabil, 2004; Simal, Femenia, Garau, & Rosello, 2005), there are currently few 
information available on the drying of osmotically dehydrated-air dried fruit.  Moreover, drying of 
osmosed fruit also relates to the availability of water in the final product. 

The availability or mobility of water is known to influence various properties, such as texture and 
non-enzymatic browning, as well as storage stability of foods.  The measurement of the 
longitudinal relaxation time (T1) of proton, using Nuclear Magnetic Resonance (NMR) 
spectroscopy, allows one to observe the degree of water binding to other chemical species.  In 
this study the effect of different amount of solid/sugar uptake on the drying rate of osmosed 
beetroot and the water mobility, as well as water activity of the final product were studied.   

Materials and Methods 
Beetroot at commercial maturity was purchased from a plantation in Nan province, north of 
Thailand.  The roots were washed and cut transversely into slices 1-cm thick.  Each slice was 
then cut into 2 cm width and 3.5 cm length stick.  Prior to osmotic dehydration, the beetroot 
sticks were pre-treated by soaking for six hours in a mixed solution of 1% (w/v) citric acid and 
1% (w/v) calcium chloride using beetroot sticks to treatment solution ratio of 1:3 by weight.   

Osmotic Dehydration Process 
After the pre-treatment process, the beetroot sticks were blanched in 100 oC water for 10 min 
and drained.  The sticks were then immersed in a 35 oBrix sucrose solution for 6 h at a beetroot 
to solution ratio of 1:3.  The sticks were then transferred to a 45 oBrix sucrose solution and 
immersed for another 6 h.  In parallel studies, the 45 oBrix sucrose solution was partially 
replaced with either honey or pineapple juice at 10 or 15% (v/v).  The 45 oBrix sucrose solution 
and the 10% (v/v) invert sugar partial replacement of the 45 oBrix sucrose solution were used as 
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a control and a reference, respectively.  During osmosis, the average SG and WL were 
determined during 12 h, and were calculated using Eqs. 1 and 2 (Li & Ramaswamy, 2006) 

      (1) 

      (2) 

where Mo is the initial mass of a sample (g), Mt is the mass of a sample after time (t) of osmotic 
dehydration (g), Xso is the initial soluble solid content of a sample, Xst and Xwt (%) are the 
soluble solid and moisture contents, respectively, of a sample after time (t) of osmotic 
dehydration and Xwo is the initial moisture content of a sample. 

Drying Process  
After the osmotic dehydration, approximately 500 g of the beetroot sample was dried in a tray 
dryer at 60 oC with an air velocity of 1.3 m s-1.  The weight of sample was recorded up to two 
decimal places at the designated time intervals until the weight of the sample was constant 
(Korsrilabut et al., 2010).  The data were used for drying rate calculation.  The osmosed 
beetroot sticks from each treatment were dried till the final moisture content reached 14% (w.b.).   

Quality Characteristics 
Moisture content and water activity (aw): The moisture content was determined by heating 
samples at 105oC to constant weight.  The aw of the chopped samples at 25 oC were measured 
using an AquaLab Series CX3TE water activity meter (Decagon Devices, Pullman, WA). 

NMR relaxation time: An Inova Varian Nuclear Magnetic Resonance spectrophotometer (Varian 
Associates, Palo Alto, CA), operating at 499.871 MHz, was used for the measurement of the 
longitudinal relaxation time (T1, s) of proton using a multinuclear 5-mm probe.  The T1 value was 
measured using the Inversion-Recovery method (5T1-180o-!-90o) described by Vold, Waugh, 
Kiein, & Phelps (1968) with a 90o pulse width of 6.30 µs and ! delay values ranging from 0.0375 
to 4.8 s.  All measurements were performed at 25 oC (Korsrilabut et al., 2010). 

Sugar determination: Sugars were determined using high-performance liquid chromatography.  
An aliquot of the filtered extract was injected into a Prevail Amino 5U (250 mm, ID. 4.6 mm) with 
an ELSD detector (HP 1100, Agilent Technologies, Santa Clara, CA).  The mobile phase was a 
mixture of acetronitrile-methanol-water at a ratio of 80:3:17 with a flow rate of 1 ml min-1.  This 
method was developed from a method of AOAC (2000). 

Results and Discussion 
Osmotic Dehydration: WL and SG 
Table 1 shows the WL and SG of beetroot sticks immersed in different osmotic solutions at 6 
and 12 hours of soaking.  The increase in osmotic solution concentration from 35 to 45 oBrix led 
to an increase in both WL and SG.  Li & Ramaswamy (2006) also reported that WL and SG 
generally increased with increasing treatment time and concentration of osmotic solution.  At 12 
h of osmosis, the treatment with the partial addition of either 10 or 15% honey showed a higher 
SG compared to the other treatments.  This may due to the fact that the osmotic solution 
containing honey possesses higher soluble solids compared to other treatments, leading to an 
increased SG due to higher osmolarity.  These two treatments also contain higher amount of 
invert sugar whose molecules are smaller than that of sucrose.  The size of solute molecules 
has been reported to have an effect on the WL and SG.  Pereira, Ferrari, Mastrantonio, 
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Rodrigues, & Hubinger (2006) also reported that sugar type affected the SG and WL in 
osmosed melon.  Solute of higher molecular weight resulted in a better dehydration effect and 
lower impregnation capacity.  However, in this study the treatments containing honey which 
contain higher amount of small size molecules resulted in a higher SG and WL.   

Table 1. WL and SG of osmosed beetroot in different osmotic solutions 

Stage Treatment Water loss (%) Solid gain (%) 

After 6 h in 35 °Brix solution - 22.20a ± 1.66 14.62a ± 1.71 

 

 After 12 h in 45 °Brix solution 

Control  (45 °Brix, aw 0.99) 

10% (v/v) Pineapple juice  (43 °Brix, aw 0.99) 

15% (v/v) Pineapple juice  (41 °Brix, aw 0.99) 

10% (v/v) Honey  (49 °Brix, aw 0.99) 

15% (v/v) Honey  (51 °Brix, aw 0.99) 

Reference  (42 °Brix, aw 0.99) 

24.79a ± 0.93 

26.10a ± 0.55 

27.32a ± 1.56 

35.94b ± 1.98 

37.07b ± 5.72 

27.28a ± 1.05 

35.22bc ± 2.52 

32.60bc ± 0.02 

30.28b ± 1.52 

37.44c ± 3.74 

36.36c ± 0.96 

32.75bc ± 0.60 
a,b,c,… Different superscript letters in the same column indicate significant difference (p<0.05) 

The result of different osmotic solutions on WL also was of the same trend.  The treatment with 
added honey exhibited a significantly higher WL than the others (p<0.05).  With the same type 
of partially added agent, the difference in either WL or SG of the osmosed beetroot was not 
significantly different.  This might be due to a small difference in soluble solids content.  

Drying Kinetics  
The drying rate of each treatment was plotted against its MR showed in Fig. 1.  It was revealed 
that the rate of drying was as follows: 15% honey > 10% honey ~ 15% pineapple juice ~ 10% 
pineapple juice ~ reference > control.  The information, in the range of MR between 0.6 to 1.0, 
was in good agreement with the drying rate calculated from the plotted of ln MR against time, 
with a drying rate constant of 0.6123, 0.5481, 0.5407, 0.5339, 0.4909 and 0.3674 h-1, 
respectively.  The control exhibited the lowest drying rate throughout the MR calculated range.  
The lower in drying rate could be a result of the formation of a peripheral layer of sucrose near 
product surface; the smaller molecule of sugar probably penetrates deeper into fruit tissue, 
forming a less concentrated peripheral layer with lower chance of crystallization (Riva, 
Campalongo, Leva, Maestrelli, & Torreggiani, 2005).  This assumption was supported with our 
data that difference in drying rate related to the amount of sucrose present in the product as 
shown in Table 2.  A better knowledge of the drying kinetics will likely lead to a better 
explanation on the relationship between the drying behavior and the qualities of some high 
sugar containing fruit products. 

 
Figure 1. A plot of the drying rate versus the moisture ratio of osmosed beetroot sticks  
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Table 2. Type and amount of sugars (dry basis) present in dried osmosed beetroot 

a,b,c,… Different superscript letters in the same column indicate significant difference (p<0.05) 

Quality Characteristics: Effect on moisture content, aw and water mobility 

The moisture content and aw of the dried beetroot are shown in Table 3.  At the same moisture 
content, the control showed the highest aw while the products with the partial addition of either 
10 or 15% honey were significantly lower in aw than the other treatments (p<0.05).  This reflects 
that more monosaccharide present in these samples (Table 2) bind more water in the final 
product.  The amount of glucose plus fructose present in samples containing either 10 or 15% 
pineapple juice also supported the amount of free water shown in water activity form.  
Korsrilabut et al. (2010) also reported that the higher amount of invert sugar partially added into 
osmotic (sucrose) solution led to the lower in aw of the osmosed-air dried cantaloupe. 

The rotational mobility of water molecules in osmosed-air dried beetroot, as monitored by 1H 
NMR T1, is shown in Table 3.  Compared to the control, a decrease in T1 was observed in the 
samples with 10 and 15% (w/v) pineapple juice, 10% and 15% honey, as well as in the 
reference sample.  However, only the T1 value of the sample containing 15% honey was 
significantly lower than others (p<0.05).  The decrease in the T1 seen here in these treated 
beetroot samples could relate to the amount of glucose plus fructose present in dried beetroot 
(Table 2)   The lower water mobility in the samples containing honey or pineapple juice or invert 
sugar could be due to the high hydrophilicity of glucose and fructose allowing them to bind more 
water in the samples.  Upon increasing the concentration, the T1 was also found to decrease for 
both added agents, which reflects a decrease in the ‘availability’ or ‘mobility’ of water molecules.   

Table 3. Moisture content, water activity and spin lattice relaxation time of the dried beetroot 
obtained from treatment in the different 45 °Brix osmotic solutions 

a,b,c,… Different superscript letters in the same column indicate significant difference (p<0.05) 
 
Conclusions 
In this study, the difference in drying rates that is due to different amount and type of sugar was 
found to relate to the availability of water as shown in the form of aw and T1 monitored by 1H 

Treatment Glucose   
(g/100g )  

Fructose 
(g/100g) 

Sucrose 
(g/100g) 

Glucose 
+Fructose 
(g/100g) 

Total sugars  
(g/100g) 

Control 

10% (v/v) Pineapple juice 

15% (v/v) Pineapple juice 

10% (v/v) Honey 

15% (v/v) Honey 

Reference 

0.40a ± 0.02 

0.85b ± 0.03 

0.93b ± 0.01 

6.44d ± 0.04 

8.19e ± 0.08 

1.22c ± 0.01 

0.31a ± 0.01 

0.91b ± 0.01 

0.95b ± 0.02 

9.92d ± 0.03 

11.72e ± 0.09 

1.22c ± 0.04 

68.25c ± 0.20 

63.90b ± 0.50 

65.94bc ± 1.72 

48.18a ± 1.06 

45.16a ± 1.95 

67.33bc ± 2.51 

0.71a ± 0.02 

1.76b ± 0.04 

1.89c ± 0.01 

16.36e ± 0.01 

19.91f ± 0.01 

2.44d ± 0.03 

68.96bc ± 0.18 

65.65ab ± 0.46 

67.82abc ± 1.73 

64.54a ± 1.07 

65.07ab ± 1.96 

69.77c ± 2.47 

Treatment Moisture content          
(% wet basis) 

Water activity Longitudinal relaxation 
time (ms) 

Control 

10% (v/v) Pineapple juice 

15% (v/v) Pineapple juice 

10% (v/v) Honey 

15% (v/v) Honey 

Reference 

13.40a ± 0.16 

13.73b ± 0.02 

13.84b ± 0.08 

14.42cd ±0.04 

14.54d ± 0.07 

14.27c ± 0.01 

0.769d ± 0.002 

0.734c ± 0.003 

0.737c ± 0.004 

0.639b ± 0.004 

0.629a ± 0.002 

0.734c ± 0.004 

503.90b ± 4.52 

465.00b ± 46.67 

451.10b ± 29.56 

436.10b ± 13.44 

349.85a  ± 38.40 

440.30b ± 15.13 
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NMR.  The decrease in both aw and T1 in the dried products of these treated samples related to 
the higher amount of glucose plus fructose which has ability to bound more water.  Modifying 
proportion of glucose, fructose and sucrose in osmotic solution affects not only drying rate but 
also water availability of the final product.  This, in turn, poses a significant effect on microbial 
growth control and product texture.   
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Abstract . “Clean In Place” (CIP) is a key equipment for most agro-food industries. The proper 
configuration and use of this equipment is extremely important as it conditions the quality and safety 
of products. Moreover, the cleaning activity on agro-food plants is as well one of the main sources of 
pollution and a very significant part of the water and Energy consumptions. 

The “Green CIP” technology recently developed through a Partnership between 3 French and 
Canadian Companies (Barrault Recherche, Eau et Industrie & Elodys Inc), and the UBS (Université 
Bretagne Sud), is deeply modifying the cost and environmental impact of CIPs by regenerating and 
recycling the cleaning reagents (mainly soda & acid). 

Standard cases bring a regenerating rate over 90%, which directly correspond to the rate of savings 
on reagents. Water and Energy savings may represent more than 50% of CIPs consumptions, which 
are a huge part of the plant consumptions. 100% of the pollution load brought by CIP is then 
captured into the Green CIP process, which avoid cost treatment and even large Waste Water 
Treatment Plant investments. Finally, this new process brings in most cases a time cleaning 
reduction directly impacting global process availability and productivity.  

A complementary work is on going in order to optimize the valorization of the co-product generated 
by the green CIP: biogas generation, animal nutrition.     

 

Keywords.  CIP (Clean In Place), reagents regeneration, pollution load reduction.  
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Abstract. The nanoindentation technique has recently emerged as a useful tool for measuring nano 
and microscale mechanical properties in various materials. In the literature few studies reported the 
use of this technique on edible films to determinate mechanical properties. Therefore, the aim of this 
study was to determine the nanomechanical properties of alginate and chitosan edible films using the 
nanoindentation technique. Alginate, chitosan and alginate-chitosan films were prepared by casting 
and solvent evaporation method. 1% solutions of alginate and chitosan were prepared with distilled 
water and 1% acetic acid solution, respectively. The solutions were dried at 60 °C to constant weight. 
Small parts of films were mounted on glass slides with super glue to carry out tests. The Oliver-Pharr 
method was used to calculate the hardness and elastic modulus from the unloading curve. Chitosan 
films presented a higher hardness value of 31.92±1.24 MPa, however significant differences were 
not found between the chitosan and alginate/chitosan films, while the chitosan film had a higher 
value of 0.769±0.016 GPa. All samples exhibited a creep behavior. Nanoindentation is a new 
complementary technique, which can be used to characterize the mechanical properties at micro, 
and nano level of edible films and the obtained parameters can be useful for the design and 
construction of these kinds of biofilms. 

Keywords. Nanoindentation test, edible films, hardness, elastic modulus, indentation creep. 
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Introduction 
Edible films are thin films made of biomolecules such as carbohydrates, proteins and lipids, they 
act as semi-permeable barriers to the gases diffusion and their function is to extend the shelf life 
of food products (Lin & Zhao, 2007). Several parameters are determined to characterize the 
edible films properties, such as tensile strength, percent elongation at break and elastic 
modulus, these are traditionally measured in edible films using a texturometer so that these 
determinations is at macro level and it is possible that the mechanical properties at micro and 
nano level are completely different. Nowadays, it is possible to characterize the nanomechanical 
properties of thin films and different types of materials using the nanoindentation technique 
(Ebenstein & Pruitt, 2006). This involves applying a load with a tip hard of known geometry 
under surface sample and monitors the depth of penetration as a function of the applied load. A 
load versus displacement curve is obtained after nanoindentation test and from this determines 
the hardness, elastic modulus and other parameters (Fischer-Cripps, 2006). The aim of this 
study was to determine the nanomechanical properties of edible films made of alginate and 
chitosan by using nanoindentation technique. 

Materials and methods 

Film preparation 

Sodium alginate and low molecular weight chitosan were selected for their good film forming 
properties for the preparation of films. The films were produced by a casting/solvent evaporation 
method. Solutions of 1% (w/v) sodium alginate were prepared with distilled water and glycerol 
was added to improve the mechanical properties at a ratio of 0.6 g glycerol/1 g polysaccharide, 
1 % (w/v) chitosan solutions were prepared by solubilizing them in 1% (v/v) acetic acid solution 
and it was stirring at 80 °C for 12 h. After this time, glycerol was added at the same proportion 
used for alginate solutions. Alginate/chitosan solutions were produced by a mixture of alginate 
and chitosan solutions at a mass ratio of 1:1 and were homogenized for 30 min. 

Fifteen grams of film forming solutions were poured into 60 x 15 mm glass Petri dishes and 
dried at 60 °C until reaching constant weight. Once the films were formed, they were removed 
from the Petri dishes and samples were conditioned in a desiccator at 57% relative humidity and 
environmental temperature during 48 h before testing. 

Nanoindentation technique 

Mechanical properties of the films were characterized using a Nano-Hardness Tester (NHT) 
developed by CSM Instruments (Switzerland). Small parts of films were mounted on the glass 
slides with super glue to carry out tests. The test conditions were the same for all samples (max 
load: 3 mN, loading and unloading rate: 10.00 mN/min and pause: 15 sec). A Berkovich 
diamond tip was used to perform indentations; the calibration of the diamond tip was performed 
on standard fused quartz. Fifteen indentations were carried out on each sample with a 
separation of 50 !m between each indentation. The Oliver-Pharr method was used to calculate 
the hardness and elastic modulus from the unloading curve (Lucca, Herrmann, & Klopfstein, 
2010). First, draw a line tangent to the unloading curve for the residual imprint and calculate the 
area project (A) as shown in Figure 1.  
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a  
Figure 1.  Typical load-displacement curve obtained by nanoindentation test. 

The slope of the tangent line is defined as stiffness (S). The hardness (H) means the resistance 
to local plastic deformation of materials and is calculated by the following equation (1): 

!                                                                           (1) 

In the case of the nanoindentation technique, the hardness is usually defined as the mean 
contact pressure under the indenter, so that the contact depth (hc) corresponding to the project 
area (A) must be derived from the unloading curve. 

Elastic modulus of the sample (Esample) is obtained from reduced modulus (Er) through the 
following equations (2) and (3): 

! "                                                                           (2) 

 

# !#$ " %#$ "                                              (3) 

 

Where (S) is the stiffness of the unloading curve, (A) is the projected area and (v) is Poisson´s 
ratio. For a standard diamond indentor probe, (Eindenter) is 1140 GPa and (vindenter) is 0.07. For 
this work, the Poisson´s ratio of the samples (vsample) was considered of 0.35. 

Another parameter determined was the indentation creep (CIT) that is the change in the depth 
that occurs at a constant test force, which is obtained from the pause period (Lucca et al., 
2010). Indentation creep was calculated with the equation (4): 

!!"$!#!" #&&                                                            (4) 

Where h2 is the depth after a certain pause period and h1 is the depth at the start of the pause 
period. 

The mechanical properties values were expressed as mean with standard deviation; and 
statistical difference between them was determined with a one-way ANOVA with Turkey test 
using p < 0.05 as level of significance. 

Results and discussion 
Figure 2 shows a residual imprint image generated by a Berkovich tip on an alginate film, where 
it was clearly observed a pyramidal shape that corresponds to the geometry of the Berkovich 
tip. 
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Figure 2.  Residual imprint image generated by a Berkovich tip on an alginate film. 

Load-displacement curves and plots of displacement as a function of time are shown in Figure 
3. Figure 3a shows that at a maximum load of 3 mN, the depth of penetration was less than 
2500 nm in all samples. Moreover, it shows that the chitosan film exhibits a higher hardness 
compared with the other two types of films and this result is due to this load applied the 
maximum depth. On the other hand, in Figure 3b it is clearly observed the indentation creep 
phenomenon that occurs on edible films. This phenomenon only appears in materials having 
viscoelastic properties and these materials are a clear example. Besides, it can be seen that 
alginate and chitosan curves are parallel and it is expected that both reveal similar creep 
percentage values. 

Table 1 summarizes the mechanical properties calculated from nanoindentation tests. As 
expected in relation to that seen in the load-displacement curves, the chitosan film presented a 
higher hardness value of 31.92±1.24 MPa, however significant differences were not found 
between the chitosan and alginate/chitosan films. The hardness of alginate/chitosan film was 
28.97±4.07 MPa, which is an intermediate value compared to the individual films and this result 
is logical since in this film there is a combination of both polysaccharides. Regarding the elastic 
modulus, differences between alginate and alginate/chitosan films were not found, while the 
chitosan film had a high value of 0.769±0.016 GPa. Finally, Table 1 shows the creep values, 
where differences between the individual films were not found, but the composite film of both 
polysaccharides exhibited a lower value of 14.48±0.63 %. 

 

 
Figure 3.  a) Load-displacement curves of edible films and b) Displacement-time curves at a load 

constant of 3 mN during 15 seconds. 
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Table 1. Mechanical properties of edible films obtained by the nanoindentation technique. 

Mechanical Properties 
Films 

Hardness (MPa) Elastic modulus 
(GPa) Creep  (%) 

Alginate 28.38±1.24a 0.689±0.022a 15.48±0.42b 

Alginate/chitosan 28.97±4.07ab 0.668±0.087a 14.48±0.63a 

Chitosan 31.92±1.24b 0.769±0.016b 15.55±0.42b 

Values (mean ± standard deviation, n=15) in the same column with the same letters are not 
significantly different (p > 0.05). 

 

Conclusions 
It was achieved nanomechanical characterization of the three types of edible films made of 
alginate and chitosan; furthermore, we were able to find differences at this level between 
parameters such as hardness, elastic modulus and indentation creep.   

In conclusion, nanoindentation is a new complementary technique which can be used to 
characterize the mechanical properties at micro and nano level of edible films and the 
parameters obtained can be useful for the design and construction of these kinds of biofilms in 
order to improve its properties. 
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Abstract. The objective of this work was to study the influence of temperature on the respiration 
rate and physical-chemical parameters of fresh-cut organic carrots (Daucus Carota L. cv. Brasília), 
with and without the application of edible coated. The samples were packages in low density 
polyethylene bags and stored at 1ºC, 5ºC and 10ºC and air humidity from 76-78%. The results 
showed that at the temperature of 1ºC, the maximum respiratory rates for the samples without and 
with the film were 10.82 mL CO2 / kg h and 10.44 mL CO2 / kg h, respectively, after 72 hours of 
storage, significantly lower than those stored at 5ºC and at 10ºC and therefore not being affected by 
the application of a film. The greatest respiratory rate was obtained at 10ºC, the maximum peak 
being reached after 50 hours. The results showed that the total reducing sugar decreased during 
storage period. The yellow color of carrots, decreased in the end storage period. These results are 
confirmed by decrease of the carotenoids content, in the same period. The firmness decreased 
significantly during storage period. The shelf life of the samples was fifteen days without changes in 
the chemical and physical and microbiological parameters. 

Keywords: Organics carrots; fresh cut, storage temperature and coated 

.  
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Introduction 
Fresh cut products have a physiology that differs from intact product, since they require 

different and more controlled handling. Minimally processing results in tissue and cell integrity 
disruption, with a concomitant increase on the respiration rate and enzymatic can cause a 
negative impact on quality, affecting color, flavor and texture (OLIVAS, MATTINSON & 
BARBOSA-CÁNOVAS, 2007). The objective of the present work was to evaluate the influences 
of storage temperature and edible coating on the physical and chemical parameters of fresh-cut 
organic carrots stored under a passively modified atmosphere. 

MATERIAL & METHODS 
Raw Material and Analysis 
The organic carrots came from the town of Antônio Carlos, SC, Brazil. Raw material was 
washed under running water, peeled and cut into 1 cm3 pieces (cube). The samples sanitized 
were immersed in a 2% edible gelatin solution for 15 minutes and subsequently air dried. 
Samples were manually packed into multilayer LDPE bags and sealed (Sulpack, Brazil) and 
stored in temperature controlled chambers (model ECB-EX, Brazil) at 1ºC, 5ºC and 10ºC. 
Relative humidity of the atmosphere varied from 76% to 78%. 

Determination of the respiration rate and Physical and chemical analysis  
Respiratory rate was determined using the model proposed by Lee, Song & Yam (1996), and 
gas concentration was obtained as Barbosa et al (2010).  

Analyses were performed on the 1st, 3rd, 5th, 7th, 9th, 11th, 15th days, in triplicate. The firmness 
was determined by using a digital texture analyzer TAXT2i (Stable Micro System, UK) with a 25-
N load cell. The color readings of carrots slices were determined by measuring their surface 
color with a Minolta colorimeter (Minolta, CR-400, Osaka, Japan) in the Hunter scale and 
cieLab. The whitness index (WI) was calculated as follows KLAIBER et al.(2005) and Reducing 
sugar values (glucose, fructose and sucrose) were determined by the Miller method (1959). The 
carotenoids was determined by WELLBURN (1994),  

RESULTS 
Respiration rate for minimally processed organic carrots 

Figure 1 shows the results obtained for the respiration rate. At 1ºC the respiratory peaks of the 
samples with and without film after 72 hours of storage. For the samples at 5ºC and stored at 
10ºC, the maximum respiration rate was obtained, for samples without film and with film, after 
50 hours. Significantly lower values (p!0.05) were found for the respiration rates of samples 
stored at 1ºC, and significantly higher (p!0.05) respiration rates were found for samples stored 
at 10ºC.  

Firmness, Color, Carotenoids and reducing sugar 
Firmness data of carrots decreased and the storage period had a significant effect on phloem 
(central part) texture in all samples. No significant effect (p>0.05) was observed in non-coated 
samples stored at 1°C. The firmness results are lower for samples stored at 10°C. The results of 
color evaluation, through of L*, a*, b* parameters, for coated samples of fresh-cut carrots were 
higher than those for non-coated samples. However, no significant effect was observed among 
treatments (coated and non-coated) for samples stored at the same temperature. The 
whiteness index data of carrot surface in samples showed no significant effect (p>0.05) to 
coated and non-coated samples along the storage period at 1°C, 5°C and 10°C. The lower 
value was obtained for samples coated. Carotenoids content showed on the Table 1 decreased 
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during storage period. Significant effect (p!0.05) was observed between the samples with and 
without coated and between the temperatures. It was observed that the degradation of 
carotenoids was greater the higher the storage temperature.  

 
Figure 1: Respiration rates (mL CO2 / kg h) fresh-cut organic carrots stored at 1ºC, 5ºC, 10ºC. 

Table 1: Total Carotenoids (mg/100g) of fresh-cut organic carrots stored at 1°C, 5°C, 10°C. 

Storage period (days) 
Treatment 

 1 3 6 8 10 13 

Non-coated 
1°C 13.88aAB 14.76aA 14.18abAB 13.21aBC 12.63aCD 11.95aD 10.71abE 

Coated 1°C 14.17aAB 14.64aAB 14.97aA 13.88aAB 13.29aB 11.62aC 11.05aC 

Non-coated 
5°C 12.21abA 10.92bcAB 12.98bA 9.71bBC 11.13abAB 8.28cC 7.88cC 

coated 5°C 13.17aAB 11.93bAB 13.96abA 14.44aA 12.81aAB 10.29abB 10.04abcB 

Non-coated 
10°C 9.68bcAB 9.40cABC 9.94cA 7.69cC 9.27bABC 8.20cBC 8.00cBC 

coated 10°C 9.56cA 9.60cA 9.64cA 9.40bcA 9.99bA 8.85bcA 8.69bcA 
Same lowercase letters in columns and same capitals letters in rows indicate results do not differ. at 5% level of probability by Tukey 
test. 
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The Table 2 showed that content of reducing sugars decreased during storage period. The 
significant effect observed between the different temperatures and treatment. However, the 
difference observed for temperatures may be due to the difference in the composition of the 
sugars of the raw materials, as showed on the first day.  

Table 2: Reducing sugar (mg/mL) fresh-cut organic carrots, storage at 1°C, 5°C, 10°C. 

Storage period (days) 
Treatment 

1 3 6 8 10 13 15 

Non-coated 1°C 21.77aA 20.53aA 22.13aA 21.66aA 22.08aA 20.69aA 20.35aA 

Coated 1°C 22.22aA 21.86abA 22.60aA 21.34aA 21.33aA 19.53aA 20.52aA 

Non-coated 5°C 27.67bA 26.81cAB 23.75aCD 22.70aD 23.46aCD 25.15bBC 25.76bABC 

coated 5°C 24.88bAB 25.43bcAB 24.28aAB 24.99aAB 24.21aA 25.92bBC 27.49bcC 

Non-coated 
10°C 33.57cA 32.84dAB 32.10bAB 32.00bAB 32.14bAB 31.88cB 31.73dB 

coated 10°C 31.15cA 30.98dA 30.42bA 29.78bA 29.84bA 29.01bcA 30.84cdA 

Same lowercase letters in columns and same capitals letters in rows indicate results do not differ, at 5% level of 
probability by Tukey test. 

Conclusions 

As expected, the respiration rates increased with the temperature increase. Decrease in the 
firmness and reduction of color in the samples along the storage period not influence the quality 
of products. 
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